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ABSTRACT
FUNCTIONAL NANOPARTICLES AT INTERFACES:
EMULSION STABILIZATION AND TRIGGERED INVERSION
SEPTEMBER 2014
CAROLINE LAURE MARIE MIESCH
DIPLÔME D’INGÉNIEUR, ÉCOLE SUPÉRIEURE DE CHIMIE ORGANIQUE ET
MINÉRALE, FRANCE
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERISTY OF MASSACHUSETTS AMHERST
Directed by: Professor Todd Emrick

Encapsulation of materials can be performed through the stabilization of fluidfluid interfaces and the formation of emulsion droplets, which is commonly achieved
with surfactants, including small molecules and polymers, as well as particles that are,
typically, micron-scale in diameter. The worked contained in this dissertation centered
on droplets that are stabilized by nanoparticles, including metallic nanoparticles and
semiconductor quantum dots, which bring the conductive and fluorescent properties
inherent to such nanoparticles into the droplet construction.
Double emulsion droplets, both oil-in-water-in-oil (o/w/o) and water-in-oil-inwater (w/o/w) were formed using nanoparticles as the only surfactant in solution.
Different types of nanoparticles were found to have unique surfactant properties hydrophobic CdSe quantum dots stabilized the water-in-oil interface, while tetra(ethylene
glycol)-functionalized gold nanoparticles localized at the oil-in-water interface. Such
double emulsion droplets were formed with a broad polydispersity of size by hand
viii

mixing, while well-defined (more near monodispersed) droplets were obtained by a
microcapillary flow focusing technique.
Triggered mechanisms were designed and implemented with functional
nanoparticle ligands possessing a photosensitive linker. Such a ligand design allowed for
emulsion inversion to occur upon irradiation of stabilized emulsions. For instance, an
initially hydrophobic ligand was cleaved by irradiation with 365 nm UV-light to generate
carboxylic acid functionality at the periphery of the nanoparticles.

This change in

wetting properties provided a facile route to emulsion inversion. Starting from a waterin-oil emulsion stabilized with functionalized CdSe nanoparticles, an oil-in-water
emulsion was obtained after irradiation with 365 nm UV-light.

These types of

responsive droplets are novel, interesting systems that proved successful for
triggered/controlled release.
Robust capsules were formed using the self-polymerization properties of
dopamine. The formation of these robust capsules was achieved in the absence of any
ligand exchange chemistry and confirmed by fluorescence confocal microscopy. The
permeability of these capsules was studied by release of water-soluble polymer-based
dyes. Small molecules, such as calcein, passed through the polydopamine membrane,
while high molecular weight molecules did not permeate.
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TABLE OF CONTENTS
Page
ACKNOWLEDGMENTS ................................................................................................... v
ABSTRACT ..................................................................................................................... viii
LIST OF TABLES ........................................................................................................... xiii
LIST OF FIGURES .......................................................................................................... xiv
1.

INTRODUCTION ....................................................................................................... 1
1.1.
1.2.
1.3.

Nanoscale Materials ...................................................................................... 1
Particulate Assembly at Liquid-Liquid Interfaces: Pickering Emulsions ..... 2
Nanoparticle Interfacial Assembly to form Robust Structures ..................... 4

1.3.1.
1.3.2.
1.3.3.
1.3.4.
1.4.
1.5.
1.6.
2.

CdSe Quantum Dots .................................................................................. 4
Metallic Nanoparticles: Gold and Silver ................................................... 7
Magnetic Nanoparticles: Fe3O4 ............................................................... 10
Bionanoparticles ...................................................................................... 11

Robust Structures from Nanoparticle Assembly ......................................... 12
Dissertation Outline..................................................................................... 14
References ................................................................................................... 16

NANOPARTICLE SYNTHESIS .............................................................................. 20
2.1.
2.2.

Introduction ................................................................................................. 20
Metal and Semiconductor Nanoparticles .................................................... 21

2.2.1
2.2.2.
2.2.3.
2.2.4.
2.2.5.
2.2.6.
2.3.

Gold Nanoparticles .................................................................................. 22
CdSe Quantum Dots ................................................................................ 25
CdTe Quantum Dots ................................................................................ 28
CdSe Nanorods ........................................................................................ 29
CdSe Platelets .......................................................................................... 31
CdSe/ZnS Core/Shell Nanoparticles........................................................ 33

Silicon-Based Nanoparticles ....................................................................... 35

2.3.1. Stöber Silica Particles .............................................................................. 35
2.3.2. CdSe/SiO2 Nanoparticles ......................................................................... 37

x

2.4.

Magnetic Nanoparticles............................................................................... 38

2.4.1. Iron Oxide Nanoparticles ......................................................................... 38
2.4.2. Bifunctional Nanoparticles: CdSe/Fe2O3 ................................................. 40
2.5.
3.

References ................................................................................................... 41

NANOPARTICLE-STABILIZED DOUBLE EMULSIONS AND COMPRESSED
DROPLETS ............................................................................................................... 46
3.1.
3.2.
3.3.
3.4.
3.5.
3.6.
3.7.

Introduction ................................................................................................. 46
Formation of Double Emulsions by Shaking .............................................. 48
Use of Microfluidics Devices ...................................................................... 53
Formation of Mesh Structures ..................................................................... 57
Conclusion ................................................................................................... 58
Notes............................................................................................................ 59
Experimental Section .................................................................................. 60

3.7.1. Instruments and Methods ......................................................................... 60
3.7.2. Synthesis .................................................................................................. 61
3.8.
4.

References ................................................................................................... 62

PHOTO-SENSITIVE LIGANDS ON NANOPARTICLES FOR ACHIEVING
TRIGGERED EMULSION INVERSION ................................................................ 64
4.1.
4.2.
4.3.
4.4.
4.5.
4.6.

Introduction ................................................................................................. 64
Photoresponsive Ligands............................................................................. 66
Photocleavable Ligand Synthesis ................................................................ 68
Emulsion Formation, Fluorescence Quenching and Emulsion Inversion ... 71
Double Emulsions ....................................................................................... 74
Characterization of Photocleavage .............................................................. 76

4.6.1. NMR ........................................................................................................ 76
4.6.2. FTIR ......................................................................................................... 78
4.8.
4.9.
4.10.
4.11.

Encapsulation, Controlled Release and Emulsion Inversion ...................... 81
Conclusion ................................................................................................... 82
Notes............................................................................................................ 83
Experimental Section .................................................................................. 83

4.11.1.Instrumentations and Methods ................................................................. 83
4.11.2.Synthesis .................................................................................................. 84
xi

4.12. References ................................................................................................... 87
5.

ROBUST POLYDOPAMINE CAPSULES FROM PICKERING EMULSIONS ... 90
5.1.
5.2.
5.3.
5.4.
5.5.
5.6.

Introduction ................................................................................................. 90
Formation of Robust Capsules from Pickering Emulsion ........................... 92
Study of Polydopamine Membrane Permeability ....................................... 95
Conclusion ................................................................................................. 105
Notes.......................................................................................................... 105
Experimental Section ................................................................................ 105

5.6.1. Instrumentation and Methods ................................................................ 105
5.6.2. Synthesis ................................................................................................ 106
5.7.

References ................................................................................................. 107

BIBLIOGRAPHY ........................................................................................................... 109

xii

LIST OF TABLES
Table

Page

Table 1. Ligand degradation 365 nm light, 125 mW/cm2 ................................................ 77
Table 2. Functionalized QDs degradation, 365 nm light, 125 mW/cm2 .......................... 77

xiii

LIST OF FIGURES
Figure

Page

Figure 1. Left: SEM image of a colloidosome formed of polystyrene microparticles16
Middle: Cryo-SEM image of the surface of a water droplet covered
with fumed silica particles25. Right: fluorescence confocal microscopy
image of water-in-toluene droplet stabilized with CdSe QDs.26 ................. 4
Figure 2. Left: Schematic of the formation of CdSe-stabilized oil-in-water emulsion.
Right: Confocal microscopy images of nanoparticle-stabilized water
droplets.29 .................................................................................................... 6
Figure 3. Left: Fluorescence confocal microscopy image of CdSe-nanorod-stabilized
water droplets in toluene.20 Right: TEM image of a TOPO-covered
CdSe-nanorod-stabilized water droplet after drying on a carbon-coated
copper grid.20 ............................................................................................... 7
Figure 4. Left: Fluorescence confocal microscopy image of Au-TEG nanoparticlesstabilized droplets. Coumarin 153 dye in present in the TCB phase.38
Right: Fluorescence confocal microscopy images of the same droplets
after extrusion through a polycarbonate track-etch membrane (1 µm,
50 passes).38 ................................................................................................. 9
Figure 5. Left: Confocal microscopy image of water-in-toluene droplets stabilized
with 8 nm Fe3O4 NPs.19 Right: Photograph of accumulation of the
magnetic colloidosomes in water, induced by a magnet.19 ....................... 10
Figure 6. Left: Confocal microscopy image of a nanoparticle sheet prepared by
ligand cross-linking.43 Right: fluorescence confocal microscopy
image of unusual capsule shapes obtained after crosslinking.44 ............... 14
Figure 7. Left: TEM of Au-citrate nanoparticles. Right: TEM of Au nanoparticles
synthesized according to the Brust-Schiffrin method. .............................. 24
Figure 8. TEM images of CdSe-TOPO nanoparticles...................................................... 27
Figure 9. TEM images of CdTe-TOPO quantum dots at different magnification. .......... 29
Figure 10.

Left: CdSe NRs with their native ligands TDPA/TOPO. Right:
polystyrene-functionalized CdSe NRs. ..................................................... 31

Figure 11. TEM images of CdSe platelets. The platelets edges have darker contrast. ... 32
Figure 12.

TEM images of CdSe/ZnS gradient quantum dots at different
magnifications. .......................................................................................... 35

Figure 13. TEM images of Stöber silica nanoparticles. ................................................... 36
xiv

Figure 14. TEM images of CdSe/SiO2 core shell nanoparticles, with core diameter ~
3 nm. .......................................................................................................... 38
Figure 15. TEM images of Fe3O4 nanoparticles with size ~ 10 nm. ................................ 39
Figure 16. TEM image of CdSe/Fe2O3 nanoparticles. ..................................................... 41
Figure 17. Left: Schematic of formation of NP-stabilized oil-in-water-in-oil double
emulsions. Middle: Fluorescence confocal microscopy images of
o/w/o double emulsions. The red fluorescence is from the CdSe QDs
and the green fluorescence is from coumarin 153. Right: Schematic of
o/w/o double emulsions. ............................................................................ 50
Figure 18.

Left: Schematic for the formation of NP-stabilized w/o/w double
emulsions. Middle: Fluorescence confocal microscopy images of
w/o/w double emulsions. The red fluorescence is from the CdSe QDs
and the green fluorescence is from coumarin 153. Right: Schematic of
w/o/w double emulsions. ........................................................................... 50

Figure 19.

Confocal microscopy image of CdSe QDs-stabilized o/w/o double
emulsions. Left: CdSe-TOPO QDs fluoresce green and CdSe-TEG
QDs fluoresce red. Middle and Right: A shift in fluorescence from
green to yellow is observed and might be an indication of stabilization
of the outer w/o interface by both CdSe-TOPO and CdSe-TEG QDs. ..... 51

Figure 20. Interfacial tension measurements of water in toluene (black), water in
CdSe-TOPO dispersed in toluene (blue), TCB in Au-TEG dispersed in
water (green), and Au-TEG dispersed in water in a solution of CdSeTOPO dispersed in toluene (red). ............................................................. 52
Figure 21. Fluorescence confocal micrsoscopy images of o/w/o double emulsion
Left: before application of a magnetic field, and middle: after
application of a magnetic field. Right: Schematic of o/w/o double
emulsion containing Fe3O4 magnetic nanoparticles. ................................. 53
Figure 22. Top images: Optical microscopy images of flow-focusing microfluidic
devices. Different capillary orifice diameters afford different droplet
size. Bottom: microscopy image of the formation of w/o/w double
emulsions in a microfluidic device with a flow-focusing geometry. ........ 54
Figure 23.

Left: optical and middle: fluorescence microscopy images of o/w/o
double emulsions stabilized by Au NPs and CdSe QDs. Right:
fluorescence and transmission images of double emulsions with
control on the droplet size obtained with steady flow rates. ..................... 55

xv

Figure 24. Fluorescence microscopy images of top left: w/o/w double emulsions
containing multiple inner droplets, and top right: after solvent
evaporation. Bottom: Closer view of the compressed droplets.
Plateau borders are indicated by yellow arrows. ....................................... 56
Figure 25. Optical microscopy images of a) uniform w/o/w double emulsion formed
without PVOH (insert is a fluorescence microscopy image). b) and c)
honeycomb structures formed upon solvent evaporation and droplet
compression. The inset of c) is a laser scanning confocal microscopy
image. The fluorescence from CdSe QDs is seen as green in a) and
red in c). d) SEM image of the mesh-like structures. ............................... 58
Figure 26. Schematic of photoinduced emulsion inversion. ............................................ 66
Figure 27. Photocleavage mechanism of an o-nitrobenzene-based molecule. ................. 67
Figure 28.

Top: Schematic of photo-induced w/o-to-o/w emulsion inversions;
Bottom: Schematic of ligand cleavage leading to the formation of a
hydrophilic (carboxylated) nanoparticle corona, and structural
transformation of the ligands..................................................................... 68

Figure 29. Synthesis of photocleavable ligand starting from acetovanillone in five
steps. .......................................................................................................... 69
Figure 30. NMR spectrum of o-nitroveratryl ligand and peak assignment. ..................... 69
Figure 31. Left: schematic of oNV-functionalized quantum dots. Right: TEM images
of ~ 3-4 nm diameter oNV-functionalized QDs before irradiation. .......... 70
Figure 32.

Absorbance spectrum of QDs functionalized with 5. The ligand
absorption maximum is at 350 nm, while the nanoparticles absorb at
570 nm (inset)............................................................................................ 71

Figure 33. a. Schematic of water-in-oil emulsion stabilized with oNV-functionalized
QDs. b. Fluorescence spectra of CdSe QDs functionalized with native
ligands (i.e., phosphine oxides and phosphonic acids) (black) and the
result of quenching from surface coverage with oNV ligand 5 (blue).
c. Fluorescence and transmission images of water-in-oil emulsions
before irradiation and d. Fluorescence recovery of the quantum dots
after irradiation for 3 min with 365 nm UV light at an intensity of 125
mW/cm2. .................................................................................................... 72

xvi

Figure 34.

Fluorescence confocal images of w/o emulsions stabilized by
functionalized oNV-CdSe QDs at (a) time zero, (b) 3 min (22.5
J/cm2), and (c) 6 min (45 J/cm2) irradiation with 365 nm UV light at
an intensity of 125 mW/cm2. Emulsion inversion to o/w droplets was
observed after irradiation for (d) 9 min (67.5 J/cm2) and (e) 12 min (90
J/cm2). The schematic on the bottom left depicts fluorescence
quenching of oNV-QDs, then re-establishment of fluorescence (‘turnon’) after irradiation. Emulsion inversion obtained after irradiation
and addition of water is also represented. ................................................. 73

Figure 35.

TEM images of oNV-functionalized QDs after irradiation of the
emulsion. Left: QDs contained within a dried droplet. Right:
agglomerated QDs that precipitated during the course of the
experiment. ................................................................................................ 74

Figure 36. Water-in-oil-in-water (w/o/w) double emulsion observed by fluorescence
confocal microscopy after 12 hours irradiation at 3.5 mW/cm2. The
schematic on the right represents a w/o/w double emulsion stabilized
with QDs having a mixture of cleaved and intact oNV ligands. ............... 75
Figure 37. Fluorescence confocal microscopy of double emulsions containing FITCDextran in the water phase. Left: fluorescence of FITC-Dextran dye is
observed on the green channel. Middle: fluorescence QDs present in
the oil phase are observed with the red channel. Right: combined
image of two channels. .............................................................................. 76
Figure 38. Ligand degradation for different irradiation time and light intensity as
evaluated by NMR. ................................................................................... 78
Figure 39. FTIR spectra of the ligand degradation over time: 0 min (black), 20 min
(blue) and 60 min (red).............................................................................. 79
Figure 40. Interfacial tension measurements of water/toluene (black), water/toluene
in the presence of oNV-QDs (blue), and water/toluene interface in the
presence of oNV-QDs after 5 min irradiation at 365 nm (red). ................ 80
Figure 41. Interfacial tension measurement experiment performed with an inverted
droplet, in which the oil droplet emanates from the tip of a bent (180
degrees) needle into the water phase. ........................................................ 80
Figure 42.

Top: Confocal fluorescence and transmission micrographs of w/o
emulsion droplets stabilized by oNV-CdSe QDs, encapsulating
quenched calcein, after 3 min irradiation at 125 mJ/cm2. Bottom:
Confocal and transmission images of o/w droplets after 12 min
irradiation at 125 mJ/cm2. ......................................................................... 82

Figure 43. Proposed mechanism of dopamine polymerization.8 ...................................... 91
xvii

Figure 44. Fluorescence emission intensity of CdSe-TOPO QDs (blue) and CdSedopamine QDs (red). ................................................................................. 93
Figure 45. Schematic for the formation of polydopamine-coated CdSe/ZnS-stabilized
capsules. .................................................................................................... 94
Figure 46. Left: Polydopamine coated capsules formed at the water-oil interface and
stabilized by CdSe/ZnS QDs. Right: Sulforhodamine B in the
aqueous phase of polydopamine coated capsules stabilized by
CdSe/ZnS QDs. ......................................................................................... 94
Figure 47.

a) and b) polydopamine membrane obtained after destabilization of
capsules using methanol. c) Calcein drop resting on polydopamine
film at oil-water interface. ......................................................................... 95

Figure 48. a) Schematic of the capsules transfer from toluene to water via dialysis.
Fluorescence confocal microscopy images of the QDs stabilized
capsules b) before dialysis and c) after dialysis in water. The QDs
fluoresces red and the FITC-dextran dye fluoresces green. ...................... 98
Figure 49.

Left: Ocean Optics spectrometer cuvette holder placed on top of a
stirplate. Right: schematic of the cuvette containing the toluene phase
with polydopamine capsules on top of the water phase. ........................... 99

Figure 50. Absorbance measurements of calcein dye released from droplets (top) or
polydopamine capsules (middle) over time. Bottom: absorbance
release vs time for droplets and capsules. ............................................... 101
Figure 51. Absorbance measurements of FITC-dextran dye released from droplets
(top) or polydopamine capsules (middle) over time. Bottom:
absorbance release vs time for droplets and capsules. ............................ 103
Figure 52. Absorbance measurements of calcein dye (left) and FITC-dextran dye
(right) released from polydopamine capsules formed with 5 mg/mL
dopamine over time. ................................................................................ 104
Figure 53. Fluorescence confocal microscopy images of polydopamine capsules
containing FITC-dextran dye (500,000 g/mol) before release (left) and
after release (right). ................................................................................. 104

xviii

CHAPTER 1

INTRODUCTION

1.1. Nanoscale Materials
Nanoscience and nanotechnology focus on the manipulation of matter with at
least one dimension ranging between 1 and 100 nm. As these nanoscale materials show
promising results in a large variety of research domains, such as materials science,1
engineering2 or medicine,3 a good understanding of their properties is necessary. While
nanoparticles have similar atomic composition to their bulk counterpart, they display
distinct physical, electronic or magnetic properties.

The incorporation of such

nanoparticles into conventional materials has led to new functional materials with novel
properties.
The use of nanoparticles can be found in ancient craftwork, such as the famous
Lycurgus Cup from the 4th century AD in Rome4 or pots displaying glittering effects
dating from ninth century Mesopotamia.5 Middle Ages and Renaissance pottery are still
displaying today these gold- or copper-colored metallic glitter, caused by the
homogeneous dispersion of silver and copper nanoparticles in a glassy ceramic matrix.5
Nanoparticles have been used in a wide range of domains, since their organic
ligands render them stable in solutions and at interfaces. Nanoparticle assemblies have
been studied both at the liquid-air interface6 and liquid-liquid interfaces.7 Interestingly,
the self-assembly of nanoparticles at the liquid-liquid interfaces give rise to either
emulsions7 or a new type of materials named bijel (i.e. bicontinuous interfacially jammed
emulsion gel).8,9 Additionally, nanoparticles have also been used as components of
1

polymer materials in nanocomposites, at polymer-polymer interface, or as active layer for
device materials.7,10

1.2. Particulate Assembly at Liquid-Liquid Interfaces: Pickering Emulsions
A “Pickering emulsion” refers to the stabilization of droplets of one fluid phase in
another (immiscible) fluid phase through the adsorption of particulates at the interface.
According to Bancroft’s rule, the phase in which the emulsifier has greater solubility
constitutes the continuous phase.11

Seminal studies of such emulsion systems, by

Ramsden12 and Pickering,13 described the stabilization of low viscosity solvents using
protein solutions, and formed a theoretical framework for understanding surface energy
reduction.

Further advances in particulate-stabilized emulsions led to their use in

industry to produce stabilized emulsion materials for cosmetics, pharmaceuticals and
food processing, and as extraction method such as froth flotation.14
The interfacial surface tension between immiscible fluids and particles is the key
parameter to emulsion stabilization. The particles act as a physical barrier between the
fluids, which thus prefer the phase-separated state and hinder droplet coalescence. The
assembly of nanoparticles (NPs) at interfaces lowers the free energy of the system by
Pieranski15 discusses the

reducing unfavorable contacts between the fluid phases.

energies associated with particle-stabilized emulsions by examining particles absorbed at
the oil/water interface and inducing a change in the interfacial energy ∆E:
𝜋𝑅!
∆𝐸 = −
× γ!
𝛾! !

!

− 𝛾!

!

− 𝛾!

!
!

where R is the nanoparticle radius, and γO/W, γP/W, γP/O are the interaction parameters of
the three relevant interfaces (oil-water, particle-water, and particle-oil, respectively). The
2

relationship between ∆E and R2 predicts an increase in emulsion stabilization with
nanoparticle size, assuming the interactions parameters are constant for different particle
sizes. Interfacial stabilization leading to the formation of droplets has been observed over
a wide range of nanoparticle types (organic, inorganic, inorganic oxide), size (ranging
from micrometer to nanometer) and geometry (spheres, rods or nanocages). 16–21
In accord with theoretical studies, robust capsules stabilized by micron-size
polystyrene particles have been obtained by particle self-assembly at the water/oil
interface, and prompted by the minimization of the total interfacial energy.16

The

capsules obtained are sufficiently stable so as to allow their transfer into a new fresh
water phase (major phase), leading to the formation of particle-stabilized “water-inwater” droplets (i.e. colloidosomes (Figure 1). These colloidosomes possess elastic and
permeability features, which are favorable for applications as encapsulants.

Release

mechanisms, either sustained release through the interstitial spaces, or burst release by
shell rupture under shear stress, were considered.
Fumed silica particles stabilize liquid-liquid interfaces.

Such particles are

sometimes referred to as “nanoparticles”, since their “primary particle size” is in the 5 to
30 nm range.22 However, the pyrolitic preparation of these particles affords aggregates
with overall sizes in the 0.1-1 µm range.

Upon cooling, the aggregates become

mechanically entangled to form large (> 1 µm) (Figure 1).

These large structures

effectively stabilize liquid-liquid interfaces, benefitting from their large ‘R’ values.23,24

3

Microparticles

Fumed silica

Nanoparticles

~ 1 - 10 !m

~ 100 – 1,000 nm

< 10 nm

Figure 1. Left: SEM image of a colloidosome formed of polystyrene microparticles16
Middle: Cryo-SEM image of the surface of a water droplet covered with fumed silica
particles25. Right: fluorescence confocal microscopy image of water-in-toluene droplet
stabilized with CdSe QDs.26
1.3. Nanoparticle Interfacial Assembly to form Robust Structures
The stabilization of the oil/water interface has been successfully achieved using a
wide variety of nanoparticles of different chemical nature and with diameters less than 10
nm (Figure 1), such as CdSe quantum dots as well as gold, iron oxide and silica
nanoparticles.

1.3.1. CdSe Quantum Dots
The intrinsic fluorescence properties of CdSe quantum dots proved advantageous
to investigate physical mechanisms related to droplet formation, including the
segregation of nanoparticles at the fluid-fluid interface and the relationship between
nanoparticle size and droplets features, such as nanoparticle transport across the
interface,17 in-plane interfacial mobility26 and phase separation of nanoparticles of
different size.17 CdSe quantum dots are natively covered with hydrophobic ligands,
4

including tri-n-octylphosphine oxide (TOPO) and other alkyl ligands originating from the
quantum dots synthesis,27,28 providing the nanoparticles with solubility in organic
solvents and surfactancy properties, permitting the stabilization of the water/oil interface.
Indeed, water droplets covered and stabilized with CdSe quantum dots can be formed by
vigorous shaking of a toluene solution of CdSe quantum dots with water (Figure 2).
Fluorescence confocal microscopy is a beneficial characterization tool, and crosssectional imaging of the CdSe-TOPO stabilized water-in-oil droplets confirm the
segregation of the quantum dots at the liquid-liquid interface, with no quantum dots
present in the inner water phase. Additional characterization of these structures with
grazing incidence small angle x-ray scattering (GI-SAXS) proved the presence of a
quantum dot monolayer at the liquid-liquid interface.26 The size of the CdSe-stablized
droplets, as well as other nanoparticle-stabilized droplets, typically range from 10 µm to
200 µm (Figure 2). The polydisperse droplets can be effectively resized by sonication
and extrusion through a track-etch membrane, to obtain resized monodisperse droplets
with sizes being as small as 1 µm to 5 µm.29
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Figure 2. Left: Schematic of the formation of CdSe-stabilized oil-in-water emulsion.
Right: Confocal microscopy images of nanoparticle-stabilized water droplets.29
The liquid-liquid interfacial stabilization is not limited to spherical nanoparticles
as CdSe nanorods (8 nm in diameter and 30-40 nm in length) covered with alkane-based
ligands proved successful to form droplets with size ranging from 10 to 100 µm (Figure
3).20 Small angle neutron scattering (SANS) measurements are in accord with theoretical
studies15,17,30,31 anticipating the rods to assemble parallel to the interface plan in order to
maximize the interfacial coverage per particle while minimizing the Helmoltz free energy
of the system. By aligning parallel to the interface, the nanorods cover 3.4 times more
surface area, and lower the interfacial energy 40 times more compared to nanorods
oriented perpendicular to the interface (ΔE// ≈ 5200 kBT compared to ΔE⊥ ≈ 130 kBT).
Additional characterization of dried droplets with TEM revealed a variety of nanorods
orientation.

The periphery of the droplet is characterized by smectic orientation,

attributed to low nanorod concentration. The center of the droplets is characterized by
end-to-end assemblies with parallel columns separated by 2 nm and this correlates to an
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increase in nanoparticle concentration. Finally, the center of droplet display nanorods
standing perpendicular to the substrate in a dense hexagonal crystalline packing,
corroborating the highest nanoparticle concentration (Figure 3).

20 !m
Figure 3. Left: Fluorescence confocal microscopy image of CdSe-nanorod-stabilized
water droplets in toluene.20 Right: TEM image of a TOPO-covered CdSe-nanorodstabilized water droplet after drying on a carbon-coated copper grid.20
1.3.2. Metallic Nanoparticles: Gold and Silver
Gold nanoparticles can be synthesized via different methods and with different
ligands, giving easy access to both hydrophilic32,33 and hydrophobic34 nanoparticles with
good size control and low polydispersity.
Gold nanoparticles used for interfacial stabilization require scrupulous control
over the ligand identity. In fact, dodecanethiol-functionalized gold nanoparticles,34 with
diameter around 2-3 nm, do not exhibit any liquid-liquid interfacial activity and favor
organic solvents. This observation suggests that both ligand identity and ligand density
are important parameters in fluid interfacial assemblies. Gold nanoparticles possess a
dense ligand shell of alkyl ligand, preventing any interfacial adsorption,35 whereas CdSe
quantum dots own a sparser ligand shell.36 Despite the hydrophobicity of the ligands,
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interfacial stabilization is achieved from CdSe via separation of the ligands into
hydrophobic (alkyl covered) and hydrophilic (bare surface) phases, somewhat similar to
Janus particles.37
Nevertheless, liquid-liquid interfacial stabilization of gold nanoparticles has been
achieved using mixed ligands to cover the nanoparticle surface.18 The integration of
hydroxyl-terminated alkanethiol ligands to the dodecanethiol ligand shell already present
on the gold nanoparticle surface is achieved via place exchange mechanism. Notably,
about 50% of the final ligand composition must incorporate hydroxyl-containing ligands
in order to render the nanoparticles interfacially active and yield water-in-oil droplets.
These results suggest the phase separation of the hydrophobic (purely alkyl) and
hydrophilic (hydroxyl-terminated) ligands at the oil-water interface, forming separate
hydrophobic and hydrophilic domains, resulting in Janus-type particles. Additionally, no
droplets were being formed for either less or greater ratio percentages (namely less than
40 mol% hydroxyl terminated and more than 50 mol% hydroxyl terminated).
Mixed ligand coverage is not mandatory for the formation of nanoparticlestabilized droplets and the use of short poly(ethylene glycol) (PEG) chains proved
effective for the stabilization of oil-in-water droplets in a variety of solvents, with the
exception of chloroform (as PEG is soluble in choloroform).38 The droplets remained
stable over time and were successfully resized by consecutive passages through a tracketch membrane (Figure 4).
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Figure 4. Left: Fluorescence confocal microscopy image of Au-TEG nanoparticlesstabilized droplets. Coumarin 153 dye in present in the TCB phase.38 Right:
Fluorescence confocal microscopy images of the same droplets after extrusion through a
polycarbonate track-etch membrane (1 µm, 50 passes).38
The interfacial activity of gold nanoparticles (12 nm in diameter) stabilized with
bromopropionate-containing

ligands

(2,2’-dithiobis(1-(2-bromo-2-

methylpropionyloxy)ethane), DTBE) is demonstrated by the addition of toluene to an
aqueous solution of DTBE-gold nanoparticles, with the nanoparticles spontaneously
forming a thin film at the oil-water interface.39 The use of a longer ligand with similar
functionality, such as 11,11’-dithiobis(1-(2-bromo-2-methylpropionyloxy)undecane),
DTBU) gives similar results, indicating that the ligand functionality, rather than its
length, drives interfacial stabilization. Silver nanoparticles with diameter 10-40 nm,
functionalized with DTBE, exhibit interfacial properties similar as DTBE-Au
nanoparticles, forming films at the oil-water interface. Additionally, nanoalloy films
have been obtained by use of Au-DTBE and Ag-DTBE nanoparticle mixtures, suggesting
that the assembly process is dominated by the sterically-stabilized ligand periphery rather
than the metal core composition.
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1.3.3. Magnetic Nanoparticles: Fe3O4
Water-in-oil droplets have been stabilized with magnetic iron oxide (Fe3O4)
nanoparticles functionalized with 2-bromo-2-methylpropionic acid.39 The mechanical
stability of these droplets was reinforced by encapsulating agarose gel, enabling the
droplets to be redispersed in ethanol and subsequently in water, resulting in structures
comparable to colloidosomes (Figure 5).

The permeability of these colloidosomes has

been investigated for different Fe3O4 nanoparticle sizes, namely 4 nm and 5 nm, by
releasing encapsulated water-soluble CdTe (2.8 nm and 4 nm) to the outside media and
comparing with theoretical calculations. The cutoff of the colloidosomes stabilized by 5
nm Fe3O4 nanoparticles is determined to be intermediate between 2.8 and 4 nm; the
smaller CdTe NPs escape while the 4 nm CdTe NPs remain entrapped. Similarly, little
amount of 2.8 nm CdTe NPs is released from 4 nm Fe3O4 colloidosomes, again in accord
with theoretical calculations.

Figure 5. Left: Confocal microscopy image of water-in-toluene droplets stabilized with 8
nm Fe3O4 NPs.19 Right: Photograph of accumulation of the magnetic colloidosomes in
water, induced by a magnet.19
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1.3.4. Bionanoparticles
Liquid-liquid interfaces assembly can also be accomplished with nanoparticles
obtained from nature, such as viruses or protein-based nanocage particles designated as
“bionanoparticles”.

These bionanoparticles have sizes comparable to synthetic

nanoparticles and nanorods, with a uniform size distribution and the amino acid
functionality available at the surface acting as ligands.

Assembly at the oil-water

interface has been reported for the following viruses: tobacco mosaic virus (TMV),21
cowpea mosaic virus (CPMV),40 turnip yellow mosaic virus (TYMV),41 and horse spleen
ferritin (HSF).42
The behavior of these bionanoparticles at the interface is interesting and permits
to expand knowledge on nanoparticles at interfaces. TMV is a rigid cylinder about 300
nm in length and 18 nm in diameter, stabilizing the perfluorodecalin/water interface.21
The interfacial orientation of TMV rods has been probed using ex situ scanning force
microscopy (SFM) and TEM, in combination with in situ small-angle x-ray scattering
(SAXS) and small-angle neutron scattering (SANS). Low TMV concentration leads to
the particles orienting parallel to the interface to maximize surface coverage, while high
particle concentration induces a reorientation of the particles perpendicular to the
interface.
CPMV, an icosahedral protein shell with a diameter of about 30 nm, stabilize the
perfluorodecalin/water interface and form droplets with diameters ranging between 10
µm and 100 µm.40 Robust structures can be formed by the addition of glutaraldehyde to
the droplets, leading to crosslinking of CPMV at the interface by reaction of the amine
groups present at the surface of the particles.
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1.4. Robust Structures from Nanoparticle Assembly
The self-assembly of nanoparticles at the fluid-fluid interface is a dynamic
structure and can be destabilized by the addition of solvents miscible with both the oil
and water phase, resulting in the dispersion of nanoparticles. The formation of robust
structures is of interest and can be achieved by polymerization of functionalized ligands
possessing crosslinkable functionality.

The resulting structures are robust capsules

obtained from a spherical droplet interface or sheets given by crosslinking of a planar
interface. The permeability of these structures can be tuned by the composition of the
ligands and the crosslink density.
Robust quantum dots membranes and capsules have been achieved by
crosslinking the nanoparticles surface ligands.

Nanoparticle functionalized with

vinylbenzene-based ligands, which coordinate to the nanoparticles via phosphine oxide
functionality, stabilize water-in-oil droplets, similar to the way this interface is stabilized
with CdSe-TOPO nanoparticles. However, crosslinking of vinylbenzene-based ligands,
by heating to 60˚C in the presence of 2,2’-azobis(2-(2-imidazolin-2-yl)propane)
dihydrochloride, allows the formation of robust nanoparticles sheets and capsules.43
Even though cracks and voids are observed on the capsule shells after centrifugation, and
are suspected to be caused by the elevated temperature used for crosslinking and
subsequent desorption of nanoparticles from the oil-water interface, the capsules retain
their integrity through the mechanical and structural properties of the assemblies. By
performing similar chemistry at the planar liquid-liquid interface, fluorescent ultra-thin
sheets of a crosslinked quantum dots monolayer are formed. Observation of these sheets
with confocal microscopy shows the presence of ridges, bends and folds similar to the
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ones observed on a crumpled aluminum foil (Figure 6).

Bending modulus can be

approximated from microscopy observation and is estimated at κ = 105kBT (which is an
overestimation, but the absence of thermal undulations of the membranes indicates that κ
is at least 10kBT). Robustness and permeability of these sheets have been assessed by the
observation of a dye droplet resting on the film and its subsequent passage into the under
phase without perturbing the crosslinked membrane.
The use of fast and room temperature conditions is advantageous to perform
chemistry on nanoparticle-stabilized droplets. Interfacial crosslinking via ring opening
polymerization (ROMP) has been performed on norbornene-functionalized quantum dots
to form water-in-oil capsules.44 However, the use of a Generation II Grubbs’ catalyst
lead to inter-capsules crosslinking as the reaction takes place both throughout the
interface and the toluene phase containing free nanoparticles. The design and synthesis
of an amphiphilic Generation II Grubs’ catalyst allow the confinement of the catalyst in
the inner water phase only, avoiding inter-capsules reaction (Figure 6).
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Figure 6. Left: Confocal microscopy image of a nanoparticle sheet prepared by ligand
cross-linking.43 Right: fluorescence confocal microscopy image of unusual capsule
shapes obtained after crosslinking.44
Crosslinking reactions to form robust structures are not reserved to quantum dots
and have been successfully performed on gold nanoparticles covered with short PEG
chains. Indeed, crosslinking of the terminal hydroxyl groups with terephthaloyl chloride
leads to the formation of a polyester shell producing robust capsules.38

1.5. Dissertation Outline
This dissertation describes the use of functionalized nanoparticles as surfactants
stabilizing the liquid-liquid interfaces, for use in encapsulation and controlled release
systems.

Nanoparticles functionalized with tailored ligands have been synthesized

through synthetic chemistry techniques to achieve delivery systems.
Chapter 1 described a history of nanoparticles and their use to stabilize emulsions.
Previous work on the stabilization of liquid-liquid interfaces with different types of
functionalized nanoparticles was presented.
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Chapter 2 introduces standard synthetic techniques used for semiconductor,
metallic, silica and magnetic nanoparticles, as well as different geometries and structures,
such as spheres, rods, platelets and core-shell architectures. The different types of ligand
coverage associated with these nanoparticles will be mentioned, as they are important
contributors to the stability and properties of nanoparticles.
Chapter 3 presents the formation of double emulsions, both oil-in-water-in-oil
(o/w/o) and water-in-oil-in-water (w/o/w), using two different types of nanoparticles,
hydrophobic quantum dots and hydrophilic gold nanoparticles. Double emulsions were
formed with a broad size dispersity by handshaking and then refined to monodisperse
droplets by using microcapillary flow-focusing techniques. Upon solvent evaporation,
these well-defined droplets produced honeycomb-like structures.

This work was

performed in conjunction with Irem Kosif and the group of Professor Ryan Hayward.
Chapter 4 discusses the synthesis of a novel photosensitive ligand able to trigger
emulsion inversion upon irradiation.

Nanoparticles functionalized initially with

hydrophobic ligands stabilized the water-in-oil interface and were able to stabilize the oilin-water interface after irradiation with 365 nm UV-light. This change in wettability of
the nanoparticles resulted in emulsion inversion which was due to the use of an onitroveratryl linker. This emulsion inversion proved successful for the encapsulation and
controlled release of material.
Chapter 5 examines the use of dopamine to form robust capsules. By taking
advantage of the self-polymerization properties of dopamine, robust nanoparticle-based
polydopamine capsules could be formed without performing any type of ligand exchange
chemistry. The presence of the polydopamine membrane was confirmed by optical
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microscopy and its permeability was studied via the release of dyes possessing different
molecular weights.

This system shows promise for the release of material via the

membrane permeability of the polydopamine capsules.
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CHAPTER 2

NANOPARTICLE SYNTHESIS

2.1. Introduction
Metallic, semiconductor, magnetic and insulating nanoparticles are often
functionalized with an organic shell, consisting of small molecules or polymeric
ligands.1–5 The particles can be obtained with a broad variety of geometries, including
spherical, rod, disc, or branched structures.6–8 A remarkable feature of nanoparticles is
that they possess significantly different properties from their bulk material equivalent,
despite having the same atomic composition. These differences extend from changes in
physical properties, e.g. melting points, to new photoluminescence attributes. The ligand
shell periphery plays a significant role in the nanoparticle properties, as it permits the
solubilization of particles in a variety of organic solvents or aqueous solutions, provides a
steric barrier hindering irreversible and undesirable nanoparticle aggregation, and enables
the dispersion of nanoparticles in polymer matrices, which influences interfacial
interactions and encourages the arrangement of particles into hierarchical structures.
Additionally, the ligand functionality can provide positive or negative charges on the
nanoparticles, leading to the formation of polyelectrolyte materials. Also, interacting
systems can be created, where electronic or photophysical interactions between the ligand
and the nanoparticle core, and/or the surrounding solution or solid state environment are
promoted. Finally, the composition and ligand coverage of nanoparticles are key factors
in the nanoparticle properties, as they impact their solubility and stability.9
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The nature of the connection between the ligand and the nanoparticle differs for
each nanoparticle type and varies from covalent to non-covalent interactions (surfaceligand adsorption).
In addition to small molecules, polymeric ligands are used to functionalize
nanoparticles and form organic/inorganic materials. By varying the molecular weight
and density of the ligand on the nanoparticle surface, a large assortment of complex
materials can by synthesized. The functionalization of nanoparticles with polymers can
be performed using “grafting from” and “grafting to” methods.10–13 End-functionalized
polymers can be grafted to nanoparticles using simple and effective ligand exchange.
However, grafting density can be altered due to the steric hindrance emanating from the
initially-grafted polymers and prevent further functionalization.

On the other hand,

“grafting from” necessitates the functionalization of nanoparticles with initiating
moieties, which results in more strenuous processing, but yield higher grafting density.
Indeed, the nanoparticles act as macroinitiators, with graft density as high as the density
of the initiator functionalized nanoparticles.

Mixing polymer composition on the

nanoparticles surface provides a handle to tailor interfacial interactions between
nanoparticles and a polymer matrix or polymer blend.

2.2. Metal and Semiconductor Nanoparticles
Metal and semiconductor nanoparticles are usually characterized by non-covalent
interactions between the nanoparticle and ligands, such as ligand absorption to the metal
sites on the nanoparticle surface.

These ligand-nanoparticle interactions are similar to

the ones of self-assembled monolayers (SAMs) on flat substrates; however, nanoparticle-
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based systems incorporate characteristics unique to nanoparticles themselves.15,16

A

large variety of functional groups can be used as ligands in order to accommodate the
existing variety of nanoparticles. Thiols are probably the most vastly adaptable ligands
for nanoparticles, supplying robust surface coverage on gold nanoparticles and cadmium
selenide (CdSe) quantum dots (QDs), and working as effective ligands for other
nanoparticle compositions, such as silver, platinum or zinc oxide. The stability of the
ligand coverage can be enhanced (i.e. preventing desorption of the surface bound ligands)
by using 1,3-dithiols as ligands, as such ligands incorporate two contact points to the
nanoparticles. For instance, dihydrolipoic acid (DHLA) adsorbs to the surface of gold
nanoparticles and CdSe quantum dots through the thiols, and provides a carboxylate
periphery yielding solubility in aqueous solutions.14 Other functional groups used for
ligands

functionalization

include

dopamine

derivatives

(binding

to

titania

nanoparticles),15 carboxylates (binding to CdX (X = S, Se, Te) quantum dots),16
phosphine oxides (binding to CdX quantum dots and cobalt nanoparticles),17 phosphonic
acids (binding to CdX quantum dots),17 and amines (binding to CdX quantum dots and
palladium nanoparticles).18

2.2.1 Gold Nanoparticles
The size and shape of gold nanoparticles, as well as size dispersity of the sample,
dictate their physical and chemical properties.

Gold nanoparticle synthesis largely

benefits from methods developed by Turkevitch and Brust. The Turkevitch method
consists in the reduction of an aqueous solution of gold salt by sodium citrate, and yields
monodisperse nanoparticles with controlled size ranging from 5 nm to 100 nm in
diameter (Figure 7).19,20

In a typical synthesis, 50 mL of a solution of hydrogen
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chloroauric acid trihydrate (HAuCl4 · 3H2O, 0.01% by weight) was boiled and 1 mL of
sodium citrate solution (Na3-citrate, 1% by weight) is swiftly added. The reaction turned
faintly blue, indicating nucleation, before turning orange, signaling the gold reduction
had been completed, and afforded nanoparticles with diameter of 16 nm. A decrease in
the amount of sodium citrate led to larger nanoparticles diameter: by adding 0.16 mL of
sodium citrate solution, monodisperse nanoparticles, 147 nm in diameter and with a
characteristic violet color, were obtained.20 Unfortunately, prolonged storage or pH
variation led to nanoparticles aggregation, in spite of the electrostatic stabilization
provided by the citrate anions.
Smaller gold nanoparticles functionalized with dodecanethiol and with diameter
ranging between 1 nm and 5 nm, low polydispersity and stability against aggregation can
be achieved via the Brust-Schiffrin method.21

In a typical synthesis, a solution of

chloroauric acid trihydrate (HAuCl4 · 3H2O) in water (30 ml, 30 mM) was added to a
solution of tetraoctylammonium bromide in toluene (80 mL, 50 mM). The mixture was
stirred vigorously until the yellow color of the aqueous phase becomes colorless and the
organic phase became dark red, indicating that the gold was transferred to the organic
layer. The aqueous phase was separated and dodecanethiol (170 mg) was subsequently
added to the organic phase. A freshly prepared aqueous solution of sodium borohydride
(25 ml, 0.4 M) was added slowly to the HAuCl4/dodecanethiol mixture with vigorous
stirring. The solution turned purple and stirring was continued for three hours. The
aqueous phase was then removed, the organic phase evaporated to 10 mL, and ethanol
(400 mL) was added to the organic phase to remove excess thiol. The mixture was
cooled to -18 ˚C for 4 hours and the dodecanethiol-covered gold nanoparticles were
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isolated by centrifugation and washed with ethanol. The nanoparticles were redispersed
in 10 mL toluene and precipitated once more with 400 mL ethanol. The nanoparticles
were subsequently either dried or redispersed in toluene or chloroform (Figure 7).21

100 nm
Figure 7. Left: TEM of Au-citrate nanoparticles. Right: TEM of Au nanoparticles
synthesized according to the Brust-Schiffrin method.
These synthetic procedures give access to functionalized nanoparticles by ligand
exchange with thiols, disulfides,22–24 phosphines25,26 or amine-bearing molecules.27,28
Gold nanoparticles present a surface plasmon resonance originating from the
delocalization of electrons on the nanoparticle surface.29 Hence, the solution of gold
nanoparticles display an absorption in the visible region, around 520 nm for particles
smaller than 20 nm, with an intensity proportional to the size (larger particles have a
stronger absorption). The absorption wavelength may shift depending on the ligand
composition, nanoparticle composition, or inter-particle spacing.

For instance, gold

nanorods30 and nanoshells31 display a red shift in the surface plasmon band compared to
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spherical particles, while a reduction in the inter-particle distance of spherical gold
nanoparticles induce red-shifting and broadening of the surface plasmon band.

2.2.2. CdSe Quantum Dots
The progress in nanoparticles synthesis, particularly metal and semiconductor
particles, led to the development of synthetic methods yielding particles with low size
dispersity (± 5% or less) and average diameters between 1 nm and 10 nm. Such progress
can be illustrated with CdSe quantum dots synthesis, where the nanoparticle quality, such
as low size dispersity and high crystallinity (typically wurtzite) and the relative simplicity
for handling chemical precursor reagents has greatly improved. The initial synthesis
methods developed by Brus and coworkers employed a reverse micellar system at room
temperature in an aqueous solution of Cd(ClO4)2, a heptane solution of (TMS)2Se, and a
surfactant such as bis(2-ethylhexyl)sulfosuccinate.

Nanoparticles of controlled size

ranging from 1.7 to 4.5 nm were obtained by adjusting the micelle size.32,33 However,
these nanoparticles irreversibly aggregate upon drying, forcing the development of new
ligands to achieve simple redispersion.

Progress in QD synthesis consisted of the

precipitation of as-prepared particles in the presence of polymeric hexametaphosphate by
Henglein and coworker,34 in situ modification of the nanocrystal surface by addition of
supplemental Cd(ClO4)2 and Ph(TMS)Se after the initial micellar CdSe synthesis, and the
use of Ph(TMS)Se to end cap the particles with phenyl groups on the particles surface
increasing the particle solubility while preventing aggregation.
The synthesis of high quality CdSe quantum dots had been greatly improved by
the use of (CH3)2Cd

as the cadmium source, in association with Se(0) in a high

temperature (>300 °C) ‘controlled explosion’.35 Tri-n-octyl phosphine oxide (TOPO)
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and additional phosphorous-containing compounds (i.e. phosphonic acids) contributed to
the reaction by acting simultaneously as solvents and coordinating/capping ligands,
solubilizing the metal precursors and controlling nanoparticle growth.

Reagent

concentration and reaction time were factors controlling the nanoparticle size. Additional
improvements in the high temperature syntheses of cadmium-based quantum dots (i.e.,
CdX, where X = S, Se, Te) were in the use of air-stable cadmium precursors such as CdO
and Cd(OAc)2 in replacement of the pyrophoric Cd(CH3)2 (which required careful
handling under inert conditions).36 A typical synthesis consisted in the induction of
nanoparticle nucleation by fast injection of a Se/TOP solution (160 mg Se, 2 mL TOP)
into a TOPO solution (7.5 g) of the cadmium precursor (Cd(OAc)2, 100 mg) at 300 °C,
followed by nanoparticle growth by Ostwald ripening (typically 3 minutes).

The

nanoparticle growth was recorded by removing aliquots from the reaction medium,
subsequently characterized by UV-Vis spectroscopy, using the band-edge absorption
spectrum as characteristic of nanoparticle size.

Once the particles had reached the

desired size (typically after 3 minutes to obtain 4 nm diameter quantum dots, as seen on
Figure 8), the growth was terminated by cooling to room temperature and the particles,
covered with alkane-based ligands, were isolated by precipitation in methanol.
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Figure 8. TEM images of CdSe-TOPO nanoparticles.

In many applications, the native ligands present on the semiconductor
nanoparticles are not suitable and need to be replaced by small molecules or polymeric
ligands to achieve the desired properties.

Ligand exchange permits changes to the

solubility and interparticle interactions while keeping the inherent core properties, such as
photoluminescence. Ligand exchange on quantum dots has been reported as a one-step
procedure, but is most generally achieved in two steps: first, the native ligand (i.e.,
TOPO) is replaced with weakly binding small molecules (such as pyridine), before
addition of the desired functional ligands, that will bind to the nanoparticle surface via
the ligating group and leave the rest of the ligand exposed to the solution.
The “surface-coverage” of the ligands is dependent on the particle composition
because of the variable ligands density on the particle surface. Differences in ligand
coverage affect the properties of the particles in solution and the particle-particle
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interactions. Analysis performed on TOPO-covered CdSe nanoparticles by Alivisatos
and coworkers indicate that the TOPO ligands bind only to the more electropositive Cd
atoms than the Se atoms available on the surface.37

Additional thermogravimetric

analysis (TGA) measurements carried out by Bawendi and coworkers on 3.7 nm diameter
CdSe quantum dots report that about 29% of the cadmium atom on the surface are
covered with TOPO.38 Additionally, by performing a ligand exchange with pyridine,
two-third of the cadmium surface atoms initially passivated with TOPO are replaced with
pyridine, while the remaining third stays passivated with the initial TOPO. Moreover,
during ligand exchange, the overall percentage of the surface cadmium atoms covered
with ligands increases from 29% to 89% is observed, while after ligand exchange, 78% of
the surface cadmium atoms are covered with pyridine and 11% of the surface is covered
with initial TOPO. However, the surface coverage of particles of other compositions is
different and not well understood. Namely, dodecanethiol-functionalized nanoparticles
analyzed with TGA show a typical organic coverage of 43% for 4 nm diameter
nanoparticles,39 and silica nanoparticles covered with amino-terminated ligand have a
ligand density of about 1.8 amino groups per square nanometer.40

2.2.3. CdTe Quantum Dots
CdTe nanocrystals are cadmium-based nanocrystals, with photoluminescence
extending from 510 to 750 nm,41 and thus cover longer wavelengths in the red compared
to CdSe quantum dots. The synthesis of CdTe nanocrystals is similar to the one of CdSe
quantum dots, and affords TOPO-covered quantum dots.36
A synthesis yielding red CdTe quantum dots42 consisted in heating a mixture of
40 mg cadmium acetate hydrate, 0.8 g TOPO (90%), 8.5 mL TOP, 0.6 mL oleic acid and
28

10 mL octadecene to 320 ˚C under N2. Meanwhile, a solution of tellurium precursor was
prepared in the glovebox by mixing 26 mg of tellurium powder with 3 mL TOP.
Complete dissolution of Te powder into TOP solution was achieved by sonication and
heating, resulting in a light yellow-green solution. 1 mL of Te/TOP precursor was
quickly injected into the hot cadmium solution, starting the reaction. The nanocrystals
were grown for 10 seconds before cooling down. The quantum dots were washed 3 times
with a mixture of chloroform-acetone (Figure 9).

100 nm

20 nm

Figure 9. TEM images of CdTe-TOPO quantum dots at different magnification.
2.2.4. CdSe Nanorods
The shape of nanoparticles can be controlled by manipulating the kinetics of
crystal growth.6,7,35,36,43 The growth of CdSe nanocrystals is highly anisotropic when the
system is kinetically controlled by an extremely high monomer concentration. Growth
along the c-axis direction is faster at high monomer concentration, while low monomer
concentration results in slow growth and nearly spherical (but still faceted) particles. For
this reason, a relatively fast growth rate produces a rod-like faceted shape, where the long
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rod axis corresponds to the c-axis of the wurztite crystal structure.

To assist the

directionally-selective growth, reagents acting as strong ligands for cadmium, e.g.
alkylphosphonic acid, are used. Additionally, Peng and coworkers discovered that dayslong aging process promotes the selective formation of rods, and that the nanorods length
is proportional to the cadmium to selenium ratio in the reaction mixture (higher ratios
give longer rods).7
In a typical synthesis, 0.204 g CdO, 0.89 g TDPA and 2.28 g TOPO (technical
grade, 99%), were loaded into a 3-neck round bottom (RB) flask and heated to 300 °C
under N2 to dissolve CdO in the TDPA/TOPO solution. After the initially brown solution
turned colorless, the solution was cooled down to room temperature and aged for 3 days.
The solution was then heated to 320 °C. In the glovebox, a solution of 63 mg of Selenium
in 0.2 g tri-n-butylphosphine, 1.44 g trioctylphosphine and 0.3 ml toluene was prepared.
The solution was injected in the RB flask at 320 °C. The temperature dropped and was
kept at 250 °C for 30 minutes to allow for the growth of the nanoparticles. Precipitation
occured by addition of methanol at 50 °C. Several washings were performed with toluene
and methanol. The nanorods dimensions, estimated by TEM, were 16 nm in length and 4
nm in diameter (aspect ratio = 4) (Figure 10).
Such progress in nanoparticle synthesis afforded soluble and processable
nanorods with aspect ratios as high as 30, and other CdSe nanocrystals structures, such as
arrow, teardrop, rice-like and tetrapod.6,7
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Figure 10. Left: CdSe NRs with their native ligands TDPA/TOPO. Right: polystyrenefunctionalized CdSe NRs.
2.2.5. CdSe Platelets
In addition to zero-dimensional (dots) and one-dimensional (rods) shapes, CdSe
nanocrystals have also been synthesized as two-dimensional structures in the form of
platelets.

Contrary to CdSe rods, the synthesis of CdSe platelets necessitates the

suppression of 1D-growth.44 This can be done by hindering the reactivity of the polar
surfaces by passivating the surfaces with opposite charges. As the synthesis of quantum
structures relies mostly on ligand affinity for cations (Cd ions) present on the surface, the
disk should possess an excess monolayer of cations and the ligands should be negatively
charged, such as deprotonated fatty acid ligands. Additionally, the fatty acid ligands need
to be bonded onto the basal planes of the disks with great affinity, which is achieved at
low reaction temperature (lower than the ligand boiling point in the bulk).

High

temperature reactions would destroy the tight ligand packing. Finally, the growth of the
quantum disk is dependent on the ligand nature and the reaction temperature (typically
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between 140 °C and 250 °C).

Additional critical parameters are the monomer

concentration, kept low to avoid 1D-growth, and a high Cd to Se ratio.
CdSe quantum disks are mostly square, with lateral dimensions comprised between 20
nm and 100 nm and thickness of 1 nm to 3 nm. The 1D quantum confinement caused the
UV-Vis and photoluminescence peaks to be sharp and blue-shifted.44

Additionally,

platelet solutions can have a quantum yield as high as 30%.45
A typical synthesis44 to obtain platelets with lateral lengths of about 50 nm,
consisted in heating 0.0533 g (0.20 mmol) of cadmium acetate dihydrate, 0.0040 g (0.05
mmol) of selenium, 0.0142 g (0.05 mmol) of stearic acid, and 4.0 g of octadecene to 170
°C and reacting for 15 minutes. The lateral dimensions of the platelets was controlled by
varying the chain length and concentration of fatty acids (stearic acid (18 carbons) vs
myristic acid (14 carbons)) and the reaction temperature (Figure 11).

100 nm

20 nm

Figure 11. TEM images of CdSe platelets. The platelets edges have darker contrast.
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2.2.6. CdSe/ZnS Core/Shell Nanoparticles
The photoluminescence quantum yields (QY) of CdSe and other quantum dots
can be greatly improved by coating the quantum dot surface with a higher band gap
inorganic material such as ZnS (10-20% QY for core only, compared to 50% QY and
higher for core-shell structures46). The presence of the ZnS shell permits passivation of
non-radiative recombination states and prevents oxidation of the CdSe surface. The
valence and conduction bands of ZnS are respectively lower and higher than the ones
from CdSe, permitting the shell to insulate the core and thus avoiding energy transfers
between the two semiconductors, resulting in emission emanating solely from the CdSe
core.47 While early coating methods were growing ZnS shell on purified CdSe cores,47
subsequent methods permit shell growth in a one-pot system.48
In a typical synthesis, Cd(OAc)2 (53.3 mg, 0.2 mmol, 1 eq.) and TOPO (3.5 g)
were heated to 100 °C under nitrogen in a three-neck RB flask, put under vacuum for 15
minutes and heated to 300˚C under nitrogen. A solution of Se (78.96 mg, 1 mmol, 5 eq)
and TOP (2 mL) was prepared in the glovebox and quickly injected into the hot
Cd(OAc)2 and TOPO solution. The particles were grown for 3 minutes. The solution
was cooled down to 95 °C for 30 minutes and heated up again to 160 °C. A solution of
Zn(Et)2 (230.6 mg, 0.28 mmol, 1.4 eq.), hexamethyldisilathiane (50 mg, 0.28 mmol, 1.4
eq) and TOP (3 mL) was prepared in the glovebox and slowly added into the reaction
flask with a syringe pump at a rate of 1 mL/hr. After full injection, the reaction flask was
stirred and heated for 3 more hours at 95 °C. The mixture was then cooled down to 60
°C, anhydrous methanol was added to precipitate the nanoparticles and the mixture was
centrifuged. Additional washings were performed with a chloroform/methanol mixture
to remove excess ligands.
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Quantum yield as high as 80% can be achieved by the synthesis of gradient shell
on quantum dot core.49 The Cd- and Se-based core, containing a small amount of S, is
formed first, followed by the Zn- and S-based shell. The formation of the gradient shell
permits to reduce lattice mismatch produced by direct coating of the CdSe core with the
ZnS shell, thus increasing the photoluminescence quantum yield.
A typical synthesis consisted in heating 0.4 mmol of CdO, 4 mmol of zinc acetate,
17.6 mmol of oleic acid, and 20 mL of 1-octadecene to 150 °C, degassed under vacuum
and further heated to 310 °C under nitrogen to form a clear solution of Cd(OA)2 and
Zn(OA)2. A solution of 0.4 mmol Se powder and 4 mmol S powder dissolved in 3 mL of
TOP was quickly injected into the reaction flask. The temperature of the reaction flask
was then set to 300 °C to promote the quantum dots growth, before cooling down to room
temperature. The quantum dots were purified by three washings with chloroform (20
mL) and excess amount of methanol, before being redispersed in choloroform (Figure
12). Notably, the optical properties of the CdSe/ZnS quantum dots can be tuned by
adjusting the ratios of Cd to Zn and Se to S with the total concentrations of the Cd-Zn
pair and Se-S pair fixed at 4.4 mmol, with all other parameters (amounts of ligands (OA,
ODE, or TOP), reaction temperature, and reaction time) remaining constant.
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20 nm

100 nm

Figure 12. TEM images of CdSe/ZnS gradient quantum dots at different magnifications.
2.3. Silicon-Based Nanoparticles
Silicon-based nanoparticles are unusual inorganic nanoparticles because of the
covalent bonds present on their surface. Silicon (Si) nanoparticles are considered as blue
emitters quantum dots, and are distinct from bulk Si (an indirect bandgap semiconductor).
Various synthetic methods provide Si quantum dots, such as hydride reduction of SiCl4 in
solution and resulting in particles covered with Si-H groups on the surface.50
Subsequently, these particles can be functionalized with olefins by hydrosilation using
Karstedt’s catalyst.

2.3.1. Stöber Silica Particles
Another synthesis method is referred to as Stöber synthesis, where a
tetralkoxysilane precursor is hydrolyzed with ammonium hydroxide in water, to afford
insulating silica (SiO2) nanoparticles with sizes ranging between 10 nm and 100 nm and
possessing silanol (Si-OH) groups on the particle surface.51
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In a typical synthesis, 7.7 mL NH4OH, 4.6 mL deionized water and 176 mL
ethanol (200 proof) were stirred for 5 minutes to ensure complete mixing. Tetraethyl
orthosilicate (TEOS, 7.7 mL) was added at once and the solution is reacted for 6 hours at
room temperature. The particles were washed with ethanol (three times) and water (three
time), collected by centrifugation and dried in vacuum oven at 150˚C for 2 hours. The
particles were hydrophobized by using typical silanization techniques.

TEM

characterization showed particle size of ~ 120 nm in diameter (Figure 13).

100 nm

500 nm

Figure 13. TEM images of Stöber silica nanoparticles.
The silanol functionality allows treatment with alkylchlorosilane reagents and
modification of the relative hydrophilicity of the particles to create specific solution and
interfacial properties.52 Additionally, these particles can become fluorescent tags as
fluorophores can be added on the particle surface,53 or prepared to encapsulate
fluorescent molecules inside the particles.54
Finally, silsesquioxane (SiO1.5) structures (different from polyhedral oligomeric
silsesquioxane (POSS) small molecule cages) have been synthesized as nanoparticles.55
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The surface functionality of these particles is dependent on the alkyl (R’) group on the
SiR’(OR)3 monomer, due to their preparation by hydrolysis of trialkoxyalkylsilanes,
because it withstands hydrolysis during the nanoparticle growth by condensation.

2.3.2. CdSe/SiO2 Nanoparticles
Quantum dots can be incorporated into silica nanoparticle permitting the
formation of core/shell structures. Silica coated quantum dots possess a few advantages
over the bare quantum dots, permitting to extend their application range. The silica shell
acts as a chemical and physical barrier towards the outside environment, improving
nanocrystals stability by preventing their aggregation and photo-oxidation.56,57
Additionally, the surface chemistry on colloidal silica enables solubilization in water and
hydrophilic solvents and gives access to potential biological applications, such as
biomarkers.
A typical synthesis58 required two step for the synthesis of CdSe/SiO2
nanoparticles.

The CdSe quantum dots were prepared separately prior to their

introduction to the reverse microemulsion medium used to form the silica coating. The
silica shell was synthesized by dispersing polyoxyethylene(5)nonylphenyl (0.544 mmol,
commercially known as Igepal CO-520 and containing 50 mol% of hydrophilic groups)
in cyclohexane (4.5 mL) by sonication. Then 160 µL of CdSe quantum dots solution (in
1 mg/mL cyclohexane) was introduced in the mixture and vortexed.

Ammonium

hydroxide (29.4%, 40 µL) was subsequently added to form the reverse microemulsion.
Finally, tetraethyl orthosilicate, (TEOS, 30 µL) was added and the reaction was continued
for 48 hours. The nanoparticles were collected by centrifugation in methanol, washed
and redispersed in ethanol (Figure 14).
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This synthesis has been conducted and optimized in collaboration with a summer
Research Experience for Undergratuates (REU) student, Benjamin Tansi.

20 nm

20 nm

Figure 14. TEM images of CdSe/SiO2 core shell nanoparticles, with core diameter ~ 3
nm.
2.4. Magnetic Nanoparticles
2.4.1. Iron Oxide Nanoparticles
An interest for magnetic nanoparticles has been developed because of potential
use in medical imaging or recording media. Magnetic particles have been made out of Fe
and Co metals, as well as alloys such as FePt, CoPt3, Fe3O4, MgFe2O4, MnFe2O4, and
CoFe2O4.59 The size, shape and ligand coverage of these particles are determined by the
synthetic method used.
A typical synthesis of magnetite Fe3O4 nanoparticles60 consisted of heating
Fe(acac)3 (0.706 g, 2 mmol), 1,2-hexadecanediol (2.584 g, 10 mmol), oleic acid (2 mL, 6
mmol), oleylamine (2 ml, 6 mmol) and phenyl ether (20 mL) to 200 °C under nitrogen
for 30 minutes (nucleation step). The solution color changed from red to dark brown.
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The solution was subsequently refluxed at 265 °C for 30 minutes (growth step), and
finally cooled down at room temperature. The nanoparticles were precipitated in ethanol
and collected by centrifugation. Three additional washings were performed by adding 3
mL of a solution of hexanes/oleylamine/oleic acid (to solubilize the nanoparticles) and 10
mL of ethanol to the nanoparticles.

TEM characterization of these nanoparticles

indicated the particle size to be around 10 nm (Figure 15).

Figure 15. TEM images of Fe3O4 nanoparticles with size ~ 10 nm.
Unfortunately, exposure to air tends to cause agglomeration and oxidization of
magnetic particles. These inconveniences can be avoided either by functionalization of
the surface with organic ligands by coordination or by growth of an inorganic shell like
gold, silica or carbon. However, organic ligands have no capacity to prevent oxidation,
while they prevent agglomeration and particle coalescence. On the contrary, the presence
of an inorganic shell precludes oxidation, while enabling surface functionalization with
organic ligands.

39

2.4.2. Bifunctional Nanoparticles: CdSe/Fe2O3
The synthesis of nanocomposite materials, namely inorganic core-shell
nanoparticles, provides materials with enhanced properties, such as increased
fluorescence and stability properties, as seen previously for CdSe/ZnS and CdSe/SiO2. In
addition to modifying and enhancing properties through the synthesis of core-shell
structures, a growing interest exist for truly multifunctional nanoparticles, exhibiting for
instance simultaneously fluorescence and magnetic properties.

These bifunctional

nanoparticles can find application in biosensing and biomedical research. The inorganic
core-shell structures can present either a magnetic core and fluorescent shell, as shown in
the case of Co/CdSe,61 or the inverse, with an fluorescent CdSe core and magnetic shell
to form CdSe/Fe3O4 nanoparticles62. The synthesis techniques evolved from two-step
synthesis, where the magnetic core was synthesized and purified before the shell
growth,61 to one-pot methods where the nanoparticles are synthesized via seededgrowth.62
In a typical one-pot synthesis of CdSe/Fe2O3,62 CdO (0.0256 g) and stearic acid
(0.235 g) were charged into a three-neck flask and pumped under vacuum for 20 minutes.
Cadmium stearate was formed by heating the mixture under N2 to 200 °C. After cooling
to room temperature, octadecylamine (4.35 g) and trioctylphosphine oxide (4 g) were
charged into the flask and heated to 280 °C. A solution of Se (0.158 g) dissolved in
trioctylphosphine (4 mL) was quickly injected into the reaction before adjusting the
temperature to 250 °C and keeping at this temperature for 5 minutes to allow growth of
the CdSe core.

The heating source was removed and the mixture was cooled down to

room temperature. Subsequently, iron stearate (0.05 g) and methylmorpholine N-oxide
(0.012 g) were charged into the flask and heated to 300 °C for 12 minutes. Finally, the
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temperature was lowered to 40 °C and the nanoparticles were washed three times with a
mixture of chloroform/ethanol in a volume ratio of 1:6. The nanoparticles were stored in
hexanes. The CdSe cores had diameter of ~ 7 nm and the core/shell particles were ~ 9
nm in diameter (Figure 16).
It is important to note that this synthesis was not experimentally successful:
eventhough nanoparticles were formed, fluorescence properties were lacking and thus the
nanoparticles that were formed were not acting like true bifunctional nanoparticles.

20 nm
Figure 16. TEM image of CdSe/Fe2O3 nanoparticles.
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CHAPTER 3

NANOPARTICLE-STABILIZED DOUBLE EMULSIONS AND COMPRESSED
DROPLETS

3.1. Introduction
Coalescence of emulsion droplets can be avoided by using many different types of
interfacially active species, such as proteins, small molecule surfactants, polymers,
nanoparticles and microparticles. When the fluid-fluid interface of an oil-in-water (o/w),
or water-in-oil (w/o), emulsion is stabilized by adsorption of particles at the interface, a
“Pickering emulsion” is obtained in which the particles occupy the fluid-fluid interface
and prevent, or retard, droplet coalescence. Early experimental work by Ramsden1 and
Pickering2 on paraffin/water emulsions containing solid particles, such as iron oxide,
silicon dioxide, barium sulfate, and kaolin clays established the fundamental role of
particles to stabilize interfaces. Theoretical studies on nanoparticle-stabilized droplet
structures performed by Pieranski3 and Binks4–6 describe the reduction of the overall
surface energy of the system due to nanoparticle interfacial segregation as a function of
particle size and the relative interfacial energies of the system (oil-water, oil-particle, and
water-particle).
The inclination of particles to localize to oil-water interfaces provides
opportunities to develop new materials based on the individual and collective properties
of the particles, such as optical properties derived from colloidal crystallization,7,8 selfassembled conducting structures,9,10 and encapsulation and release technologies.11,12
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Double emulsions combine simultaneous oil-in-water and water-in-oil emulsions
to form “droplet in a droplet” structures, whether water-in-oil-in water (w/o/w) or oil-inwater-in-oil (o/w/o). These structures provide a method to control release from the inner
phase to the outer phase, while efficiently protecting the interior phase form the
continuous phase. Double emulsions can be prepared either in a one-step or in a two-step
process, by using relatively hydrophilic surfactants to stabilize the o/w droplets, and
hydrophobic surfactants able to stabilize the w/o interfaces.13 These emulsions have been
generated through phase inversion processes, i.e. when the continuous phase of the
immiscible liquid-liquid dispersion becomes the dispersed phase. Early work by Seifriz14
focused on systems involving reversible emulsions of petroleum oil and aqueous casein,
where addition of barium hydroxide to an initially unemulsified o/w mixture led to the
formation of double (and multiple) emulsions.
Double emulsions have previously been observed while studying reversible o/w
systems stabilized with fumed silica particles of intermediate hydrophilicity (i.e. partially
hydrophobized silica).

As the adsorption energy of the particles to the fluid–fluid

interface exceeds the thermal energy kBT, the particles are not easily removed from the
interface, permitting the formation of stable double emulsion droplets.15 However, the
wetting characteristics of the particles must be thoroughly controlled in order to achieve
the simultaneous stabilization of both o/w and w/o interfaces, and this method does not
afford control over droplet.
The simultaneous interfacial adsorption of two different types of particles, namely
functionalized semiconductor and metallic nanoparticles, permits the stabilization of
w/o/w and o/w/o double emulsions. Previously, the stabilization of both simple and
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multiple emulsions has been reported using two different fumed silica particles, each
possessing different wettability, and ionic liquids.16 However, by using two exclusively
different types of particles as surfactants, where the interfacial activity and properties of
each can be chosen independently, to stabilize double emulsions, optical and electronic
properties inherent to the nanoparticles are transmitted to the droplets. In addition to
polydisperse droplets formed via sequential emulsification by shaking, the use of
microfluidics permits the formation of nanoparticle-stabilized w/o/w double emulsions
with controlled droplet size. Solvent evaporation leads these refined droplets to form
unique honeycomb and foam-like structures, where the nanoparticles line the structures in
a wire or mesh-like fashion.17

3.2. Formation of Double Emulsions by Shaking
The

preparation

of

nanoparticle-stabilized

double

emulsions

requires

tetra(ethylene glycol) (TEG) functionalized Au NPs, known to stabilize o/w droplets,18
and CdSe QDs that are known to stabilize w/o droplets when the QDs are functionalized
with their native alkyl (i.e., phosphine oxide and phosphonic acid) ligands.19 Double
emulsions containing CdSe QDs and Au NPs can be easily obtained by shaking
oil/water/NP/QD solutions by hand in a two-step procedure. For example, to obtain an
o/w/o double emulsion, 0.1 mL of 1,2,4-trichlorobenzene (TCB), the minor oil phase,
was added to 0.9 mL of an aqueous phase containing 5 mg/mL Au NPs. Vigorous
shaking gave an oil-in-water single emulsion stabilized by the Au NPs. These droplets
were then utilized as the minor aqueous phase, and added to 0.9 mL of a 1 mg/mL
toluene solution of CdSe QDs. Shaking this mixture by hand gave the desired o/w/o
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double emulsion, as confirmed by optical and confocal fluorescence microscopy (Figure
17, left image).
Different types of emulsion were observed, including those containing one or
more inner droplets mixed with single-emulsion structures. The size of the doubleemulsion droplets varied widely, from 150-250 mm for the outer droplets, and 60-170
mm for the inner droplets. Interestingly, in the double emulsions, the size of the inner
droplets remained consistent with the o/w single emulsions used in their formation,
suggesting that the second emulsification step does little to disrupt the initial interfacial
NP assembly, though some exchange of NPs between interfaces may happen. Using
CdSe QDs enhances structural characterization, enabling droplet imaging by fluorescence
confocal microscopy to confirm their presence and location within the double-emulsion
structure. Since the TEG-functionalized Au NPs are not fluorescent, coumarin 153 was
added to the TCB oil phase to visualize the Au NP stabilized droplet. Coumarin 153 is
convenient for its fluorescence emission at 530 nm, distinct from the CdSe QD emission,
at 620 nm, which allows easy differentiation between the aqueous and oil phases. The
red fluorescence, indicative of the CdSe QDs as the outer encapsulating phase, and the
green fluorescence, from coumarin 153, held in the oil-filled inner droplets by the
stabilizing TEGylated Au NPs can be observed on a fluorescence confocal microscopy
cross-section of these droplets (Figure 17, middle image).
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oil

Au NPs

water

CdSe QDs

Figure 17. Left: Schematic of formation of NP-stabilized oil-in-water-in-oil double
emulsions. Middle: Fluorescence confocal microscopy images of o/w/o double
emulsions. The red fluorescence is from the CdSe QDs and the green fluorescence is
from coumarin 153. Right: Schematic of o/w/o double emulsions.
Additional experiments, consisting of w/o/w double emulsion formation, indicate
the flexibility of the CdSe QD and Au NP combination for preparing double-emulsion
structures. The w/o droplets stabilized with CdSe QDs in toluene are formed first,
followed by the addition of this emulsion as the minor phase to a solution of Au NPs in
water.

Fluorescence confocal microscopy observation shows the CdSe QDs at the

interphase of the inner droplet, and often multiple droplets contained inside Au NPcovered toluene droplets are seen (Figure 18).
water

CdSe QDs

oil
Au NPs

Figure 18. Left: Schematic for the formation of NP-stabilized w/o/w double emulsions.
Middle: Fluorescence confocal microscopy images of w/o/w double emulsions. The red
fluorescence is from the CdSe QDs and the green fluorescence is from coumarin 153.
Right: Schematic of w/o/w double emulsions.
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To further understand the adsorption of each type of nanoparticles at the
interfaces, double emulsions using CdSe QDs of different hydrophilicity and sizes have
been formed. CdSe/ZnS-TEG nanoparticles were synthesized to replace the Au-TEG
nanoparticles used previously. The CdSe-TOPO and CdSe/ZnS-TEG nanoparticles have
been synthesized with different fluorescent core sizes to differentiate each interface, such
as ~ 3 nm CdSe-TOPO, which fluoresces green (~ 530 nm), and ~ 6 nm CdSe/ZnS-TEG
which fluoresces red (~ 600 nm). Double emulsions of o/w/o have been successfully
obtained where CdSe/ZnS-TEG nanoparticles stabilized the inner o/w interface and
CdSe-TOPO stabilized the outer w/o interface. Confocal microscopy characterization
revealed a yellow color, instead of the expected green color, at the outer w/o interface,
which could be possible due to the incorporation of the CdSe/ZnS-TEG nanoparticles
with the CdSe-TOPO nanoparticles at the inner o/w interface (Figure 19).

!

Figure 19. Confocal microscopy image of CdSe QDs-stabilized o/w/o double emulsions.
Left: CdSe-TOPO QDs fluoresce green and CdSe-TEG QDs fluoresce red. Middle and
Right: A shift in fluorescence from green to yellow is observed and might be an
indication of stabilization of the outer w/o interface by both CdSe-TOPO and CdSe-TEG
QDs.
These droplets are solely stabilized by nanoparticles, without the use of any
conventional small molecules or polymeric surfactants. Indeed, the nanoparticles act as
surfactants, while simultaneously bringing the properties of the semiconductor and
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metallic particles into the droplet structures.

The surfactant properties of the

nanoparticles have been estimated by using pendent drop tensiometry. The interfacial
tension of TCB/water, measured by the pendant drop technique to be approximately 45
mN/m, was reduced to 22 mN/m in the presence of Au NPs, and 29 mN/m in the
presence of CdSe QDs (Figure 20), confirming the surfactant role of both Au NPs and
CdSe QDs.

Water in toluene

Water in CdSe/toluene

Au/water in CdSe/toluene
TCB in Au/water

Figure 20. Interfacial tension measurements of water in toluene (black), water in CdSeTOPO dispersed in toluene (blue), TCB in Au-TEG dispersed in water (green), and AuTEG dispersed in water in a solution of CdSe-TOPO dispersed in toluene (red).
As the efficiency of double emulsions formed by handshaking is rather low,
magnetic nanoparticles have been used as a separation tool. By encapsulating Fe3O4
nanoparticles to the innermost oil phase in o/w/o double emulsions, the application of a
magnetic field will permit separation of the double emulsions (containing Fe3O4
nanoparticles) from single emulsions (lacking of magnetic properties) and a small
increase in the double emulsion formation efficiency can be observed (Figure 21). The
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insufficient separation properties are speculated to arise from breakage of the inner Austabilized droplets upon application of the magnetic field. Also, Fe3O4 nanoparticles are
reported to stabilize the water-in-oil interface and they could potentially be assembling at
the outer water-in-oil interface along CdSe QDs, thus limiting their potential as
separation tool. These findings indicate that this separation method proves unsuitable for
the formation of double emulsions with high efficiency.
CdSe-TOPO
Water

Fe3O4
nanoparticles

Coumarin 153
in TCB
Toluene

Au-TEG

Figure 21. Fluorescence confocal micrsoscopy images of o/w/o double emulsion Left:
before application of a magnetic field, and middle: after application of a magnetic field.
Right: Schematic of o/w/o double emulsion containing Fe3O4 magnetic nanoparticles.
3.3. Use of Microfluidics Devices
The double emulsions nanoparticle-stabilized structures can be refined with the
use of microfluidic techniques. A glass capillary device combining simultaneously coflow and flow focusing has been built and used to form w/o/w double emulsions droplets
(Figure 22).20 The interior aqueous phase contained deionized water, while the middle
phase consisted of 2 mg/mL CdSe QDs in TCB (with 1 vol% coumarin 153 added for
facile characterization by fluorescence microscopy), and the outer phase containing 5
mg/mL Au NPs in water.
The outer droplets size is defined by the size of the exit capillary orifice (i.e. the
larger the orifice, the larger the droplets), as well as by the relative flow rates and
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viscosities of the outer and middle fluid phases (higher flow rates and higher viscosities
of the outer phase yield smaller droplets). The number and size of the inner droplets are
controlled by the size of the inlet capillary nozzle, and by the relative flow rates and
viscosities of the middle and inner phases.20

&'#$%#
!"#$%#

!""#$%#

Figure 22. Top images: Optical microscopy images of flow-focusing microfluidic
devices. Different capillary orifice diameters afford different droplet size. Bottom:
microscopy image of the formation of w/o/w double emulsions in a microfluidic device
with a flow-focusing geometry.
Figure 23 shows the optical and fluorescence images of w/o/w emulsion droplets.
The fluorescence emission from coumarin 153 in the oil phase permits to identify
precisely the w/o/w double emulsions structures and the interface between the inner and
middle phases is characterized by enhanced fluorescence intensity caused by the presence
of CdSe QDs (about 6 nm in diameter). The diameter of the outer droplets formed ranges
from 17 to 40 µm, indicating considerable improvements in droplet uniformity compared
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to double emulsion formed by shaking. Additionally, the microfluidic device produced
samples in which nearly every droplet contained a single internal water droplet.
However, the formation of these droplets with precise size uniformity is non-trivial in the
absence of traditional polymeric surfactants. This could be explained by slower kinetics
associated with interfacial adsorption of the nanoparticles, which provides more time for
droplet coalescence to occur in the microfluidic device prior to achieving sufficient NP
coverage for droplet stabilization.

Figure 23. Left: optical and middle: fluorescence microscopy images of o/w/o double
emulsions stabilized by Au NPs and CdSe QDs. Right: fluorescence and transmission
images of double emulsions with control on the droplet size obtained with steady flow
rates.
The formation of nanoparticle-stabilized double-emulsion droplets containing
multiple inner droplets can be achieved by increasing the flow rate of the inner fluids in
the microfluidic flow-focusing device (Figure 24). These w/o/w double emulsions were
stabilized by TEG-functionalized Au NPs at the outer interface and by CdSe QDs at the
inner interface. While the outer droplets displayed size uniformity (about 70 µm in
diameter), the inner droplets were less well-defined, indicating a slight variation in flow
rate of the inner fluid. In these experiments, toluene was preferred to TCB for the oil
phase, allowing a faster solvent evaporation. After formation of the droplets, the sample
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is allowed to dry in air, and showed very good stability against coalescence for both the
internal droplets and the external structures. The use of toluene permitted to achieve
greater droplets stability compared to the ones formed with TCB, because of their
different evaporation rates, giving opportunities to form new types of emulsion-templated
nanoparticle assemblies through removal of organic solvent.

Upon evaporation of

toluene, the inner droplets were compressed (Figure 24), generating planar interfaces
with characteristic Plateau borders (Figure 24). By allowing complete evaporation of
toluene from the middle phase, nanoparticle foams were formed. These foams consisted
of multi-compartment capsules, in which thin walls of Au NPs and CdSe QDs separated
the internal aqueous droplets from the surrounding fluid. Similar structures formed from
double-emulsion templates had previously been obtained through the formation of
polymer-based multi-compartment vesicles.21

50 !m

50 !m

50 !m

50 !m

50 !m

10 !m

10 !m

Figure 24. Fluorescence microscopy images of top left: w/o/w double emulsions
containing multiple inner droplets, and top right: after solvent evaporation. Bottom:
Closer view of the compressed droplets. Plateau borders are indicated by yellow arrows.
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3.4. Formation of Mesh Structures
The formation of nearly monodisperse nanoparticle-stabilized double emulsion
droplets was possible by optimization of the flow focusing parameters (Figure 25 a). The
use of a 1:1 (v/v) ratio of toluene and TCB afforded remarkable emulsion stability and
slow solvent evaporation from droplets that settled to the fluid-substrate (glass) interface
following dropcasting of the droplets onto the slide. Upon complete evaporation of both
organic solvent and water, honeycomb-like structures can be observed on the substrate
(Figure 25 b).

These structures are hybrid nanoparticle lines templated by the

hexagonally-packed arrays of compressed droplets formed during solvent evaporation.
The nanoparticle-stabilized interfaces showed sufficient robustness to withstand the
complete removal of both solvent phases. However, while monodisperse NP-stabilized
droplets were obtained only over a small window of operating conditions, the use of
additional stabilizing surfactants in the outer aqueous phase, such as poly(vinyl alcohol)
(PVOH), improved droplet formation with respect to size uniformity. Wire-like mesh
structures were obtained upon solvent evaporation from the double-emulsion droplets in
which 2 wt% PVOH was present in the aqueous phase (Figure 25 c). Fluorescence
microscopy reveals the presence of CdSe QDs within these hybrid polymer/NP “wires”.
These structures, produced easily by simple emulsification and evaporation process, are
of interest as they could provide a connected and ordered array of NPs over a large area.
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Figure 25. Optical microscopy images of a) uniform w/o/w double emulsion formed
without PVOH (insert is a fluorescence microscopy image). b) and c) honeycomb
structures formed upon solvent evaporation and droplet compression. The inset of c) is a
laser scanning confocal microscopy image. The fluorescence from CdSe QDs is seen as
green in a) and red in c). d) SEM image of the mesh-like structures.
3.5. Conclusion
Two different types of nanoparticles, Au NPs with TEG ligands and CdSe QDs
with their native alkane-based ligands, can be used as surfactants to generate both o/w/o
and w/o/w double emulsion droplets. In these droplets, the o/w interface is successfully
stabilized by the Au NPs, while the w/o interface is stabilized by CdSe QDs. In addition
to demonstrating the facile formation of polydisperse droplets by sequential
emulsification and shaking, the formation of well-defined droplets using flow-focusing
with a glass microcapillary device is shown. This microcapillary technique led to the
fabrication of tunable double emulsion droplets with various sizes of the internal and
external droplets.

Remarkably, these uniform droplets give rise to a well-ordered
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honeycomb structure after complete solvent evaporation, where the NPs that prevent
droplet merging become connected into a mesh-like structure. Extension of this approach
to other NP compositions will provide a route for developing novel micro-patterned
materials, which exhibit exceptional electrical, optical, and/or catalytic properties based
on NP composition and the high degree of order in materials obtained from these droplets.
Additionally, the use of chemically crosslinkable ligands would give access to robust
structures with potential application as ultra-light weight material or membranes.

3.6. Notes
This work has been published in Angewandte Chemie (International Edition in
English), 2012, 51, 145.
The synthesis of nanoparticles was perfomed by Caroline Miesch (CdSe QDs)
and Irem Kosif (Au NPs) (Emrick group), as well as the formation of double emulsions
by handshaking and their characterization by confocal microscopy.

Dr. Eunji Lee

(Hayward group) built microfluidic devices, formed and characterized the double and
multiple emulsions, and the mesh structure.

Dr. Jung-Keun Kim (Russell group)

provided help for AFM characterization of the mesh structures.
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the DOE Office of Basic Energy Sciences, under Award No. DE-SC0001087 for Dr.
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3.7. Experimental Section
3.7.1. Instruments and Methods
A Leica TCS SP2 LCSM laser scanning confocal microscope under Ar-laser
excitation (excitation at 488 nm, detection at 510-530 nm for coumarin 153 and 590-620
nm for the QDs) was used for emulsion characterization. The samples were prepared by
adding a portion of droplets to a small amount of solvent already present on a single-well
glass microscope slide, and covering the glass slide with a cover-slip. A Dataphysics
OCA-15 tensiometer was used in the pendant drop mode to measure the interfacial
tension between water and TCB or water and toluene in the presence of nanoparticles.
Glass capillary devices combining co-flow and flow focusing were prepared according to
the procedure of Weitz and coworkers.20 Each device consists of an outer square glass
capillary with an inner dimension of 1 mm, within which two cylindrical glass capillaries
(having outer diameters of 1 mm and inner diameters of 0.6 mm) are placed 20 to 30 µm
apart. As the inner dimension of the square capillary and the outer dimension of the
cylindrical capillaries are equal, coaxial alignment of the capillaries is achieved. A Zeiss
Axiovert 200 inverted optical microscope was used to image the structures obtained by
flow-focusing.
O/w/o double emulsions were formed starting with the formation of the o/w single
emulsion. 0.1 mL of 3 mg/mL coumarin 153 in TCB was added to 1 mL of a 5 mg/mL
Au-TEG NPs solution in water. A stable emulsion was obtained after vigorous shaking.
The Au-NP-coated single emulsion droplets (0.1 mL) were then added to 1 mL of 1
mg/mL solution of TOPO-covered CdSe QDs in toluene. Subsequent shaking gave the
w/o/w double emulsion droplets. Similarly, w/o/w double emulsions, where the outer
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droplet is coated with Au NPs and the inner droplet is coated with CdSe QDs, were
obtained by forming the QD-stabilized single emulsion first, then using these droplets as
the oil phase with the Au NP-stabilized droplets.

3.7.2. Synthesis
CdSe QDs were synthesized according to literature methods.22

In a typical

synthesis, a solution of Se/TOP (160 mg Se, 2 mL TOP) was quickly injected into a
TOPO solution (7.5 g) of the cadmium precursor (Cd(OAc)2, 100 mg) at 300 ˚C, and
grown for 3 minutes. QD growth was terminated by cooling to room temperature and the
particles were isolated by precipitation in methanol.
The TEG-ligand for Au NPs, (1-mercaptoundec-11-yl)tetra(ethylene glycol), was
prepared by a known method in three steps.23 A typical synthesis18 consists of stirring an
excess of tetra(ethylene glycol) (7.4 mL, 43 mmol) with 50% sodium hydroxide (0.17 g,
4.3 mmol) for thirty minutes at 100 ºC, followed by addition of 11-bromo-1-undecene
(0.94 mL, 4.3 mmol). The mixture was stirred for 24 hours at 100ºC and extracted with
hexanes, dried over magnesium sulfate and filtered.

Purification by column

chromatography on silica gel (eluting with 3% methanol in ethyl acetate) gave the
product as a pale yellow liquid in 66% yield. Undec-1-en-11-yltetra(ethylene glycol) (1.6
g, 4.7 mmol), thioacetic acid (1.3 mL, 18 mmol) and azobisisobutyronitrile (0.25 g, 1.5
mmol) were mixed in tetrahydrofuran (dried and distilled over sodium benzyl ketyl), and
refluxed overnight. The reaction mixture was subsequently concentrated, extracted with
ethyl acetate, washed with sodium bicarbonate, water, and brine, dried over magnesium
sulfate and finally filtered. Purification by column chromatography (3% methanol in
ethyl acetate) gave a colorless liquid in 79% yield. Finally, 1-(thioacetyl)undec-1161

yl]tetra(ethylene glycol) (1.0 g, 2.4 mmol) in 0.1 M HCl in methanol and refluxing
overnight. After removing the methanol, the product was extracted with methylene
chloride, washed with sodium bicarbonate and water, dried over magnesium sulfate and
filtered to give (1-mercaptoundec-11- yl)tetra(ethylene glycol) ligand as a pale yellow
liquid in 100% yield.
TEGylated Au NPs about 2 nm in diameter were prepared following a one-phase
method reported by Brust.24

A typical synthesis consists of dissolving hydrogen

tetrachloroaurate(III) hydrate (90 mg) in a mixture of isopropanol (150 mL) and acetic
acid (1.5 mL). The TEGyalted ligand, (1-mercaptoundec-11-yl)tetra(ethylene glycol) (30
mg), was added while stirring, followed by rapid addition of sodium borohydride in
methanol (5 mL of a 0.5 M solution). The solution was then stirred for 3 hours, and the
TEGylated Au nanoparticles were isolated by removing isopropanol, by precipitating in
hexanes, and by washing with ether and ethyl acetate.
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CHAPTER 4

PHOTO-SENSITIVE LIGANDS ON NANOPARTICLES FOR ACHIEVING
TRIGGERED EMULSION INVERSION

4.1. Introduction
The solubilization, encapsulation, and controlled release of reagents and materials
is critically important in numerous fields, such as drug delivery,1 pesticide application,2
and flavor/fragrance technology.3 The stabilization of fluid-fluid interfaces using microand nanoscale particles (often referred to as “Pickering emulsions”) as opposed to
conventional surfactants and polymers, can be achieved with numerous particle types,
including polystyrene microparticles,4 CdSe quantum dots (QDs),5 gold nanoparticles
(NPs),6 and virus particles.7 The use of such particles for emulsion stabilization brings
new properties to droplets that expand their potential function and utility.
Phase inversion in emulsions refers to the transition from an oil-in-water (o/w)
emulsion to a water-in-oil (w/o) emulsion, or vice versa. The phase inversion can be of
two types, a catastrophic inversion or a transitional inversion. The catastrophic inversion
refers to inversion of the system caused by a change in the o/w ratio, resulting in dramatic
changes in the properties of the emulsion, such as viscosity and droplet size.8,9
Catastrophic inversions are irreversible, as the w/o ratio at the transition when oil is
added to water is not the same as that when water is added to oil. Transitional inversions
are induced by a change in the hydrophilic-lipophilic balance (HLB) of the surfactants at
a fixed o/w ratio, by adjusting factors such as pH, salt concentration,10 surfactant
concentration,11 temperature,12 light irradiation13 or composition of the surfactants in
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solution.14

The HLB scale, going from 1 to 20, defines the affinity of a nonionic

surfactant for the oil or aqueous phase. Low HLB numbers (<10) represent lipophilic
surfactants, while high HLB numbers (>10) represent hydrophilic surfactants.

For

particle stabilized emulsions, the wettability of the particles is an equivalent to the HLB
scale.
Phase inversion has been observed for nanoparticle-stabilized emulsions. As
nanoparticle surface ligands dictate their interactions with the surrounding fluid medium,
and thus emulsion behavior of nanoparticle-stabilized droplets, emulsion inversion is
enabled by changing the wetting characteristics of the nanoparticles. The use of silica
nanoparticles of controlled hydrophilicity can undergo catastrophic phase inversion from
w/o to o/w, in the case of hydrophobic nanoparticles, or from o/w to w/o in the case of
hydrophilic nanoparticles.9 Transitional phase inversion from o/w to w/o has been
obtained with silica nanoparticles and can be induced by increasing the nanoparticle
concentration11 or changing the ratio of hydrophilic to hydrophobic particles in solution.14
For polystyrene nanoparticles coated with carboxylic acid groups, a change in pH or salt
concentration of the aqueous phase triggered phase inversion.10
Using block copolymer ligands on nanoparticles is an appealing approach to
perform emulsion phase inversion. Amphiphilic diblock copolymer ligands possessing
different wetting properties, i.e. hydrophilic and hydrophobic blocks, can trigger
emulsion phase inversion by removal of one block. Different methods can activate the
degradation of one block of the block copolymer, such as photoinduced degradation,15 as
shown on Figure 26, or thermal depolymerization.16
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water
h!

Figure 26. Schematic of photoinduced emulsion inversion.
4.2. Photoresponsive Ligands
We considered cleavable ligands on nanoparticles as an appealing approach
towards a triggered emulsion inversion.17 Emulsion phase inversion is triggered by
removal of one ligand segment by placing a cleavable moiety between the hydrophilic
and hydrophobic portions of the ligand. Such ligand cleavage events can be activated
thermally, chemically, or by irradiation at a suitable wavelength.18–21 Photocleavable
linkers, such as ortho-nitrobenzyl moieties, allow a clean cleavage at a specific position
within a molecule.22 This type of cleavage is triggered by irradiation and does not require
high temperature or vacuum, as often needed in depolymerization processes.23,24 For
example, the preparation of photo-responsive micelles using o-nitrobenzene as a side
chain functionality within amphiphilic block copolymers has been reported previously.25
The photocleavage mechanism of o-nitrobenzyl groups is based on the
photochemical isomerization of an o-nitrobenzyl alcohol derivative into the
corresponding o-nitrobenzaldehyde and the release of a carboxylic acid, as shown in
Figure 27.26
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Figure 27. Photocleavage mechanism of an o-nitrobenzene-based molecule.
To perform emulsion inversion, an amphiphilic molecule containing an onitroveratryl linker was synthesized as a ligand for nanoparticle functionalization.
Veratryl-based nitrobenzyl groups, which incorporate two additional alkoxy groups onto
the benzene ring, facilitate the photolytic cleavage, and the relative cleavage kinetics are
increased 5-fold by the presence of a α-methyl group at the benzylic position.27
As a carboxylic acid is exposed after photocleavage, a hydrophilic, carboxylated
corona forms around the nanoparticle. An amphiphilic ligand was thus designed to be
hydrophobic initially, and hydrophilic after photocleavage, as depicted in Figure 28.
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Figure 28. Top: Schematic of photo-induced w/o-to-o/w emulsion inversions; Bottom:
Schematic of ligand cleavage leading to the formation of a hydrophilic (carboxylated)
nanoparticle corona, and structural transformation of the ligands.
4.3. Photocleavable Ligand Synthesis
A novel ligand, thiol 5, containing the desired oNV group, was synthesized as
shown in Figure 29 and used for CdSe QD functionalization.

Starting from

acetovanillone, 1-(4-benzyloxy-5-methoxy-2-nitrophenyl)ethanol (3) was obtained in
three steps. First, the phenol of the acetovanillone was reacted with benzylbromide (in
the presence of KI and K2CO3) at 80 ˚C to give 4-benzyloxy-3-methoxyacetophenone 1.28
The product was separated from the by-product salts by filtration, and purified by column
chromatography.

Nitration of 1 was accomplished with fuming nitric acid and acetic

acid at room temperature to give 2,28 and reduction of the ketone with NaBH4 gave 3.29
The secondary alcohol of 3 was esterified by carbodiimide coupling with 168

thioacetylundecanoic acid; conversion of the resulting thioacetate to the free thiol gave
the desired ligand 5, suitable for QD functionalization.

The NMR spectrum and

corresponding peak assignment is shown in Figure 30.
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Figure 29. Synthesis of photocleavable ligand starting from acetovanillone in five steps.
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Figure 30. NMR spectrum of o-nitroveratryl ligand and peak assignment.
Tri-n-octylphosphine oxide (TOPO)-functionalized CdSe QDs, of 3-4 nm
diameter, were prepared according to literature methods.30 Thiol 5 was applied as the
ligand by first replacing the native QD ligands by refluxing in CdSe-TOPO (6.5 mg),
overnight in a pyridine solution, recovering the pyridine-functionalized QDs, then
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refluxing these QDs with 5 (60 mg) in 3 mL anhydrous toluene for 12 hours. The oNVfunctionalized CdSe QDs were precipitated in methanol, and excess ligand was removed
by chloroform/methanol washings. Successful application of ligand 5 was confirmed by
nuclear magnetic resonance spectroscopy (NMR), while transmission electron
microscopy characterization of the QDs is given in Figure 31.
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Figure 31. Left: schematic of oNV-functionalized quantum dots. Right: TEM images of
~ 3-4 nm diameter oNV-functionalized QDs before irradiation.
The absorption spectrum of oNV-functionalized CdSe quantum dots was recorded
by UV/Vis spectrometry, showing an intense absorption at 350 nm, corresponding to that
of the oNV ligand, as seen on Figure 32, indicating that 365 nm light should be suitable
for photocleavage. The CdSe QD absorption is less intense yet still observed at ~ 570
nm.
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Figure 32. Absorbance spectrum of QDs functionalized with 5. The ligand absorption
maximum is at 350 nm, while the nanoparticles absorb at 570 nm (inset).
4.4. Emulsion Formation, Fluorescence Quenching and Emulsion Inversion
Water-in-oil emulsions were formed by adding water (0.1 mL, minor phase) to a
toluene solution of oNV-QDs (0.9 mL, 1 mg/mL, major phase), followed by vigorous
shaking. The emulsion formed was characterized by fluorescence confocal microscopy,
revealing an average droplet diameter of ~ 80 µm (Figure 33 c).

However, the

fluorescence intensity of the droplets was weak relative to that typically observed for
QD-stabilized droplets, as seen on Figure 33 b, likely due to electron transfer from the
QDs to the organic ligand shell, which quenches the QD emission.31 Irradiating the
emulsion at 365 nm at an intensity of 125 mW/cm2 for 3 min (irradiation dose of 22.5
J/cm2) led to a pronounced increase in QD fluorescence, and the clear appearance of
fluorescence from emulsion droplets containing CdSe QDs at the oil-water interface
(Figure 33 d). This fluorescence recovery confirmed the role of the oNV linker in the
ligand as a fluorescence quencher. Upon photocleavage and removal of the linker, the
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close proximity between the quantum dots and quenching nitroaromatic group is lost,
resulting in a fluorescence “turn-on” of the quantum dots, a bright emission that allows
facile characterization of the droplets by the confocal fluorescence microscopy.31
c

a

Water!

Oil!

3 min irradiation at 365 nm
125 mW/cm2
17% ligand cleavage

b
CdSeTOPO

d

CdSe-oNV

Figure 33. a. Schematic of water-in-oil emulsion stabilized with oNV-functionalized
QDs. b. Fluorescence spectra of CdSe QDs functionalized with native ligands (i.e.,
phosphine oxides and phosphonic acids) (black) and the result of quenching from surface
coverage with oNV ligand 5 (blue). c. Fluorescence and transmission images of waterin-oil emulsions before irradiation and d. Fluorescence recovery of the quantum dots after
irradiation for 3 min with 365 nm UV light at an intensity of 125 mW/cm2.

Confocal fluorescence microscopy showed a range of droplet sizes, between 50
and 250 µm diameter (Figure 34 a and b). Continued irradiation of the droplets for a
total of 6 minutes (irradiation dose 45 J/cm2) produced some larger droplets (>300 µm)
(Figure 34 c); after 9 min (67.5 J/cm2) droplet stability was lost. However, addition of
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water (3 mL) to this solution, followed by vigorous shaking, produced an o/w emulsion
that represents an inverse of the original droplet system (Figure 34 d), with oil droplets
having an average of diameter of ~ 40 µm. Irradiation of the w/o system for 12 min (90
J/cm2) produced solid precipitate that was removed by filtration through a 0.450 µm
PTFE filter. The filtrate, which still contains dispersed particles in solution, formed
droplets, with sizes ranging from 150-300 µm (Figure 34 e) after additional shaking, and
these droplets remained stable over several days. Emulsion inversion was enabled by
photo-induced removal of the hydrophobic portion of oNV ligand 5, liberating carboxylic
acids on the QD ligand corona that provide a hydrophilic ligand shell. The surfactant
character of the nanoparticles is thus changed to provide stabilization of the oil-in-water
emulsion, completing the inversion from w/o to o/w.
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water
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Figure 34. Fluorescence confocal images of w/o emulsions stabilized by functionalized
oNV-CdSe QDs at (a) time zero, (b) 3 min (22.5 J/cm2), and (c) 6 min (45 J/cm2)
irradiation with 365 nm UV light at an intensity of 125 mW/cm2. Emulsion inversion to
o/w droplets was observed after irradiation for (d) 9 min (67.5 J/cm2) and (e) 12 min (90
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J/cm2). The schematic on the bottom left depicts fluorescence quenching of oNV-QDs,
then re-establishment of fluorescence (‘turn-on’) after irradiation. Emulsion inversion
obtained after irradiation and addition of water is also represented.

TEM imaging of the QDs showed the presence of 3-4 nm particles both before
(Figure 31) and after irradiation (Figure 35), as well as some indication of nanoparticle
agglomeration following the inversion experiment (Figure 35). Indeed, after irradiation
of the emulsion for 9 minutes, the 3-4 nm diameter of the original QDs is largely
maintained, and we note that about 10-20% of the particles on the grid appear in an
aggregated form.

100 nm

500 nm

Figure 35. TEM images of oNV-functionalized QDs after irradiation of the emulsion.
Left: QDs contained within a dried droplet. Right: agglomerated QDs that precipitated
during the course of the experiment.
4.5. Double Emulsions
Interestingly, irradiation of an identical w/o system with lower intensity light (3.5
mW/cm2) for 12 hours (irradiation dose 151.2 J/cm2), followed by addition of 3 mL of
water and shaking, produced double emulsions, i.e. QD-stabilized water-in-oil-in-water
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(w/o/w) droplets (Figure 36). Double emulsion formation was confirmed by observing
fluorescence from the interior oil phase, marking the presence of the QDs.

Water!

Oil!
35 !m

45 !m

Water!

Figure 36. Water-in-oil-in-water (w/o/w) double emulsion observed by fluorescence
confocal microscopy after 12 hours irradiation at 3.5 mW/cm2. The schematic on the
right represents a w/o/w double emulsion stabilized with QDs having a mixture of
cleaved and intact oNV ligands.
Additional experiments using water-soluble FITC-dextran dye confirmed these
observations, as the oil and water phases were distinguished clearly with fluorescence
confocal microscopy by having the dye present in the water phase (Figure 37). The
percentage of ligand cleaved by irradiation was estimated by NMR spectroscopy.

By

irradiating a solution of ligand only, NMR showed ~ 60% of the oNV linker to be
cleaved after irradiation for 12 hours at 3.5 mW/cm2 light intensity (See Figure 38). The
formation of these double emulsions is believed to be due to cleavage of some percentage
of the oNV ligands, resulting in NPs with a mixed ligand coverage that can stabilize w/o
or o/w droplets.

75

Figure 37. Fluorescence confocal microscopy of double emulsions containing FITCDextran in the water phase. Left: fluorescence of FITC-Dextran dye is observed on the
green channel. Middle: fluorescence QDs present in the oil phase are observed with the
red channel. Right: combined image of two channels.
4.6. Characterization of Photocleavage
4.6.1. NMR
As emulsion inversion was induced by the photocleavable ligand chemistry, the
kinetics of ligand cleavage was examined. Both oNV ligand 5 and CdSe-oNV QDs were
irradiated with 365 nm UV light (125 mW/cm2) at 10 minutes increments for the ligand
alone, and 3 minutes increments for the QDs, with degradation monitored by NMR
spectroscopy. The evolution of the methyl protons ‘a’ was observed as the signal shifted
from a doublet at 1.59 ppm to a singlet at 2.48 ppm, which represented protons adjacent
to a ketone, denoting ester degradation. The proton ‘g’ was integrated relative to ‘c’ and
‘b’ to evaluate evolution of the reaction over time (Figure 38). Additionally, the ligand
degradation was monitored in a similar manner for irradiation performed with 3.5
mW/cm2 light intensity for 1, 6 and 12 hours.
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Table 1. Ligand degradation 365 nm light, 125 mW/cm2
Time
(min)
10
20
30
40
50

Dose
(J/cm2)

Degradation (%)

75
150
225
300
375

~ 41
~ 64
~ 75
~ 80
~ 86

Table 2. Functionalized QDs degradation, 365 nm light, 125 mW/cm2
Time
(min)
3
6
9
12
15

Dose
(J/cm2)

Degradation
(%)

22.5
45
67.5
90
112.5

~ 17
~ 24
~ 35
~ 41
~ 44
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UV light: 365 nm, 3.5 mW/cm2
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Figure 38. Ligand degradation for different irradiation time and light intensity as
evaluated by NMR.
4.6.2. FTIR
In addition to NMR, ligand degradation kinetics were monitored by Fourier
Transform infrared (FTIR) spectroscopy (Figure 39). The photocleavable oNV ligand
was irradiated with a 365 nm UV light (125 mW/cm2) in 10 minute time increments for
an hour. Comparison of the FTIR spectra for the oNV ligand before irradiation, and after
20 and 60 minutes irradiation, allowed for monitoring of ligand degradation by observing
the evolution of characteristic signals. The progressive appearance of carboxylic acids
was apparent from the appearance of the carbonyl (C=O) stretch at 1700 cm-1, while loss
of the ester functionality occurred simulatenously, noting the decrease in intensity of the
ester C=O signal at 1737 cm-1.

Nitro to nitroso conversion was confirmed by the

decrease of the aromatic nitro signal at 1334 cm-1.

78
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Figure 39. FTIR spectra of the ligand degradation over time: 0 min (black), 20 min
(blue) and 60 min (red).
4.7. Interfacial Tension Measurements
The interfacial stability offered by oNV-QDs was evaluated by pendant drop
tensiometry (Figure 40).

Without NPs, the toluene/water interfacial tension was

measured as ~ 32 mN/m. As expected, the oil-water interfacial tension decreased in the
presence of the QDs due to their surfactant character. For both oNV-CdSe QDs and an
irradiated sample, the interfacial tension decreased to ~ 25 mN/m in the 25-35 min
timeframe. While the final interfacial tension value was similar for each sample, the
slope of the curves from these experiments differed. Slower stabilization of the o/w
interface was seen for the irradiated sample (red curve), indicating that the mixed ligand
system resulting from irradiation has different interfacial characteristics than the oNV
QDs. One could speculate that mixed hydrophilic/hydrophobic ligands could give “Janus
nanoparticles”, as discussed for the iron oxide-gold nanoparticle system.32
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Water/toluene
CdSe-oNV NPs in toluene/water
CdSe-oNV in toluene/water after 5 min at 125 mW/cm2

Figure 40. Interfacial tension measurements of water/toluene (black), water/toluene in
the presence of oNV-QDs (blue), and water/toluene interface in the presence of oNVQDs after 5 min irradiation at 365 nm (red).
We note that the interfacial tension measurement was sensitive to the technique
employed. For example, Figure 41 shows the result of the experiment performed with an
inverted droplet in which the stability offered by the irradiated droplets (red curve) is
lower than that of the oNV droplets throughout the course of the experiment.

Water/toluene
CdSe-oNV NPs in toluene/water
CdSe-oNV in toluene/water after 5 min at 125 mW/cm2

Figure 41. Interfacial tension measurement experiment performed with an inverted
droplet, in which the oil droplet emanates from the tip of a bent (180 degrees) needle into
the water phase.
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4.8. Encapsulation, Controlled Release and Emulsion Inversion
The emulsion inversion process was investigated in the presence of calcein as a
marker. Calcein, a tetracarboxylic acid, self-quenches at high concentration (>70 mM),
such that dilution resulting from its release into the major phase represents a fluorescence
“turn-on” mechanism.

As self-quenching concentration of calcein are close to its

solubility limit in water (100 mM), long sonication times (5-6 hours) are required to
achieve such high concentrations. An aqueous solution of calcein (95 mM) as the minor
phase gave a w/o emulsion stabilized by oNV-CdSe QDs. Following 3 minutes of
irradiation at 125 mJ/cm2, fluorescence confocal microscopy revealed droplets displaying
weak fluorescence (green) originating from the calcein dye, (i.e. complete quenching was
not obtained). Interestingly, in the transmission image, the droplets appear opaque,
attesting to the encapsulation of calcein dye within the droplet, while the QDs stabilize
the interface (Figure 42). After further irradiation (12 minutes, 125 mJ/cm2) and addition
of water, shaking produced o/w droplets in which calcein was released into the aqueous
phase, confirmed by the very bright fluorescence appearing in the major phase due to the
now lower concentration of calcein. The fluorescence emission of QDs is not seen, due
to an intense calcein emission at 515 nm that overlaps with the QD emission.
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Figure 42. Top: Confocal fluorescence and transmission micrographs of w/o emulsion
droplets stabilized by oNV-CdSe QDs, encapsulating quenched calcein, after 3 min
irradiation at 125 mJ/cm2. Bottom: Confocal and transmission images of o/w droplets
after 12 min irradiation at 125 mJ/cm2.
4.9. Conclusion
Emulsions inversions can be achieved using a variety of stimuli and can be
utilized to enable the release of active compounds.10–14

We have demonstrated a

triggered inversion of QD-stabilized emulsion droplets, through the design and use of a
novel photocleavable ligand based on an o-nitroveratryl linker. Upon irradiation at 365
nm, ligand photocleavage changes the wetting character of the QDs, from hydrophobic to
hydrophilic, due to the liberation of carboxylate groups on the QD surface. The emulsion
inversion was achieved over a 10-minute time-frame, and proved successful for use in the
encapsulation and release of materials, such as a dye, followed by emulsion inversion.
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Under specific conditions, double emulsions arose during the inversion process, similar
to those reported for emulsion inversions triggered by changing nanoparticles
concentration.11 By using light as the inversion trigger, this method contributes to the
understanding and development of new techniques designed to advance efficient
encapsulation and controlled release of materials.

4.10.

Notes
This work has been published in the Journal of Colloid and Interfacial Science,

2014, 425, 152.
Financial support for this work was provided by the U.S. Department of Energy
(DOE/DE-FGO2-04ER46126#009).

4.11. Experimental Section
4.11.1. Instrumentations and Methods
NMR spectra were recorded with a Brucker DPX300 spectrometer with the
residual solvent signal as calibration. The droplets were observed by laser scanning
confocal microscopy on a Leica TCS SP2 LCSM under Ar-laser excitation (488 nm).
Samples for confocal microscopy were prepared by dispersing a small amount of droplets
in a single-well microscopy slide, pre-filled with either toluene or water, and applying a
cover slip prior to imaging. UV/Vis absorbance was recorded on a Perkin-Elmer Lambda
25 UV/Vis spectrometer. Fluorescence measurements were recorded on a Perkin-Elmer
LS55B spectrometer. IR data was recorded on a Perkin-Elmer Spectrum One FTIR
spectrometer equipped with a universal attenuated total reflection sampling accessory.
Samples were irradiated using a 365 nm UV light source (UVP crosslinker box, typical
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intensity ~ 3.5 mW/cm2 or a Newport flood exposure source, NUV illumination system,
typical intensity ~ 125 mW/cm2).

Pendant drop tensiometry was performed on a

Dataphysics OCA-15 tensiometer, using either toluene as the ambient phase and water as
the pendent drop, or water as the ambient phase and toluene on the end of a specifically
bent needle, as the pendant drop, in a bottom up configuration. QDs were dispersed in
the toluene phase for the measurements. The interfacial tension between the liquids was
calculated by the instrument software using the Laplace-Young equation and based on the
hanging toluene drop shape.

4.11.2. Synthesis
Synthesis of 4-benzyloxy-3-methoxyacetophenone (1).28 A 250 mL flask, under
N2 atmosphere, was charged with 10 g (60 mmol) acetovanillone, 17.1 g (124 mmol)
potassium carbonate, and 0.42 g (2.5 mmol) potassium iodide. 125 mL anhydrous
acetonitrile and 8.3 mL (70 mmol) benzyl bromide were added to the flask at room
temperature. The mixture was stirred at reflux (80 ˚C) for 1 day. After cooling to room
temperature, salts were removed by filtration through Celite®. The solvent was
evaporated under reduced pressure and the product separated by column chromatography
on silica gel eluting with hexane:dichloromethane mixtures. Evaporation of solvent
under reduced pressure gave the product as a white powder (14.9 g, 97% yield);

1

H

NMR: 2.54 ppm (s, 3H), 3.94 ppm (s, 3H), 5.23 ppm (s, 2H), 6.89 ppm (d, 1H), 7.31-7.54
ppm (m, 7H).
Synthesis of 4-benzyloxy-5-methoxy-2-nitroacetophenone (2).28 A 500 mL flask
was charged with 15 g (57 mmol) of 4-benzyloxy-3-methoxyacetophenone and 177 mL
acetic acid. The flask was placed in an ice-water bath, and 18 mL (430 mmol) fuming
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nitric acid was added. The mixture was stirred at room temperature for one day and then
poured into ice water. A yellow precipitate formed, which was isolated by filtration and
purified by column chromatography on silica gel, eluting with hexanes:dichloromethane
mixtures. The product was obtained as a pale yellow solid (9.4 g, 54% yield). 1H NMR:
2.49 ppm (s, 3H), 3.98 ppm (s, 3H), 5.22 ppm (s, 2H), 6.76 ppm (s, 1H), 7.35-7.47 ppm
(m, 5H), 7.67 (s, 1H).
Synthesis of 1-(4-benzyloxy-5-methoxy-2-nitrophenyl)ethanol (3).29 In a low light
environment, 3.0 g (80 mmol) sodium borohydride was added slowly to a solution of 4benzyloxy-5-methoxy-2-nitroacetophenone (2.4 g, 8.0 mmol) in 40 mL anhydrous
methanol at 0 ˚C. The mixture was stirred at room temperature overnight, then quenched
by addition of 10% HCl solution. The product was extracted with ethyl acetate (3 times).
The organic layers were washed with brine, dried with anhydrous MgSO4, filtered, and
concentrated under vacuum. A yellow product was obtained (2.2 g, 92% yield) 1H NMR:
1.59 ppm (d, 3H), 2.53 ppm (br, 1H), 4.04 ppm (s, 3H), 5.22 ppm (s, 2H), 5.56 ppm (q,
1H), 7.31 ppm (s, 1H), 7.36-7.52 ppm (m, 5H), 7.67 ppm (s, 1H).
Synthesis of 11-(acetylthio)-undecanoic acid. 0.53 g (3.6 mmol) AIBN was added
to 2.0 g (12 mmol) undecylenic acid under N2 atmosphere in a round bottom flask. 3.5 g
(3.1 mL, 43 mmol) thioacetic acid and 40 mL dry THF were added to the flask. The
solution was stirred overnight at reflux under N2 atmosphere and then allowed to cool to
room temperature. The solvent was removed by rotary evaporation to yield yellow
crystals. Recrystallization from dichloromethane/pentane mixtures gave a white powder
(1.5 g, 48% yield).

1

H NMR: 1.26 (m, 12H), 1.64-1.52 (m, 4H), 2.33 (s, 3H), 2.36 (t,

2H), 2.84 (t, 2H).
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Synthesis of (4). To a 2-neck flask, protected from direct light, was added 1.0 g
(3.3 mmol, 1 eq) of 1-(4-benzyloxy-5-methoxy-2-nitrophenyl)ethanol, 0.94 g (3.6 mmol,
1.1 eq) of 1-thioacetyldecanoic acid, 0.80 g (3.9 mmol, 1.2 eq) DCC, 0.40 g (3.3 mmol, 1
eq) DMAP, and 45 mL dichloromethane. The mixture was stirred overnight under N2
atmosphere. The product was filtered and the solvent evaporated under vacuum. The
product was purified by column chromatography on silica gel, eluting with
hexanes:dichloromethane mixtures, giving the product as a pale yellow solid (0.94 g,
52% yield). 1H NMR: 1.24 ppm (s, 12H), 1.51 (m, 4H), 1.58 ppm (d, 3H), 2.30 ppm (s,
3H), 2.34 (t, 2H), 2.81 ppm (t, 2H), 3.95 ppm (s, 3H), 5.16 ppm (s, 2H), 6.42 (q, 1H),
7.01 ppm (s, 1H), 7.25-7.45 ppm (m, 5H), 7.63 ppm (s, 1H).
Synthesis of (5). Deprotection of the thioacetate end group of 4 was performed by
reacting 2.2 g of (4) (4.2 mmol, 1 eq) with 1.15 g hydrazine acetate (12.5 mmol, 3 eq) in
5 mL dimethylformamide at room temperature. The product was extracted with ether,
washed three times with water, and dried under vacuum to give 1.4 g (90% yield). 1H
NMR: 1.24 ppm (s, 12H), 1.54 (m, 4H), 1.58 (d, 3H), 2.30 ppm (m, 2H), 2.47 ppm (q,
2H), 3.94 ppm (s, 3H), 5.13 ppm (s, 2H), 6.44 ppm (q, 1H), 7.02 ppm (s, 1H), 7.29-7.44
ppm (m, 5H), 7.61 ppm (s, 1H).
CdSe quantum dots (QDs) were synthesized according to literature methods.30 In
a typical synthesis, a solution of Se/TOP (160 mg Se, 2 mL TOP) was quickly injected
into a TOPO solution (7.5 g) of the cadmium precursor (Cd(OAc)2, 100 mg) at 300 ˚C,
and grown for 3 minutes. QD growth was terminated by cooling to room temperature
and the particles were isolated by precipitation in methanol. Ligand exchange was
achieved by first replacing the native phosphorous-based ligands with pyridine, by
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heating the QDs (6.5 mg) as a solution in pyridine (3 mL) overnight at 100˚C. The QDs
were recovered by precipitation in hexanes.

Then, the QDs and excess of thiol-

terminated ligand (65 mg) were refluxed in toluene (3 mL) overnight and QDs isolated by
precipitation in methanol.

Excess ligands were removed by chloroform/methanol

washings.
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CHAPTER 5

ROBUST POLYDOPAMINE CAPSULES FROM PICKERING EMULSIONS

5.1. Introduction
The encapsulation of active compounds is used in a wide range of domains, such
as the health industry (drugs), cosmetics (perfumes), food industry (flavors) and
agriculture (fertilizers). Encapsulation is used to protect the active compounds from their
surrounding environment or to control their slow release into the outside medium.
Typical encapsulation systems are comprised of polymerosomes,1 liposomes,2 or
colloidosomes.3 The encapsulation system created by the self-assembly of nanoparticles
at liquid-liquid interfaces as Pickering emulsions is particularly interesting for potential
release applications.4
The formation of nanoparticle-stabilized capsules has previously been
investigated and requires the synthesis of functional ligands as well as the exchange of
the native ligands on the nanoparticle with the new functional ligands.5,6 In an attempt to
simplify the formation of nanoparticle-stabilized capsules, a method using the selfpolymerization of dopamine molecules is proposed to replace the typical ligand exchange
step.
Studies regarding the strong adhesion properties of mussels showed that catechol
and amine functional groups, both present within the polydopamine chemical structure,
were essential for its adhesion to substrates.7 In an attempt to mimic the adhesion
properties of mussels, it has been shown that simple immersion of substrates in a
dopamine solution with a pH of 8.5, which is similar to a marine environment, leads to
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the spontaneous deposition of a thin adherent polymer film on the substrate. The film
thickness was controlled by the immersion time with longer immersion times leading to
thicker films. These polydopamine films are of great interest as such films have been
formed on a wide variety of material surfaces, such as noble metals, metals with native
oxide surfaces, oxides, semiconductors, ceramics, and synthetic polymers.
The exact structure of polydopamine is unknown, due to poor solubility of
polydopamine in solvents.

Similarly to phenol formaldehyde resins, polydopamine

polymers can be represented by different chemical structures.

Even though the

polymerization mechanism of dopamine is complex and not well understood, it is
believed to involve an oxidative rearrangement of the catechol group to 5,6
dihydroxyindole followed by polymerization, to form polydopamine, as shown in Figure
43.8
n
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Figure 43. Proposed mechanism of dopamine polymerization.

Previous efforts to create polydopamine capsules have used sacrificial templates,
such as silica,8–10 calcium carbonate particles11,12 and dimethyldiethoxisilane stabilized
emulsions,13 which were subsequently removed by hydrofluoric acid etching and ethanol
washings after polymerization to form hollow shells. Control over the polydopamine
shell thickness was achieved by varying the polymerization reaction time as well as the
numbers of polymerization cycles, thus performing layer-by-layer deposition. Here, the
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formation of robust polydopamine capsules based on nanoparticle-stabilized Pickering
emulsions and the permeability of these capsules has been investigated.

5.2. Formation of Robust Capsules from Pickering Emulsion
Pickering emulsions are formed by stabilizing water/oil emulsions with solid
particles. In this study, the system considered consisted of TOPO-covered CdSe quantum
dots, known to stabilize the water-in-oil interface.4 To form robust CdSe QD-stabilized
capsules, a method using the self-polymerization of dopamine on water-in-oil droplets is
proposed. Robust capsules were formed by the polymerization of dopamine inside the
droplets, creating a thin polydopamine film on the CdSe-TOPO QDs stabilizing the
water/oil interface. This method allows the formation of capsules without performing
any type of ligand exchange chemistry on QDs, which, in general, is not typical for the
fabrication of nanoparticle-stabilized capsules.
Previous studies reported the quenching effect of dopamine on CdSe QD
fluorescence and identified the oxidation of catechol group into quinone as responsible
for quenching.14

Fluorescence quenching has been observed for both CdSe QDs

conjugated to dopamine molecules and CdSe QDs in solution with dopamine.14 Figure
44 shows the fluorescence emission of CdSe QDs capped with the native TOPO ligands
and fluorescence quenching observed for dopamine-functionalized CdSe QDs. In order
to avoid fluorescence quenching, CdSe/ZnS core/shell nanoparticles have been
synthesized and used for this project.

92

Figure 44. Fluorescence emission intensity of CdSe-TOPO QDs (blue) and CdSedopamine QDs (red).
CdSe QD-stabilized water-in-oil droplets are typically formed by addition of
water (minor phase) to a solution of QDs in toluene.
polydopamine

capsules,

the

water

phase

In order to obtain robus

has

been

replaced

by

tris(hydroxymethyl)aminomethane hydrochloride (tris-HCl) buffer solution in which
dopamine, at a concentration of 1 mg/mL, has been dissolved. A color change for the
aqueous solution containing dopamine from colorless to yellow to dark brown was
observed, indicating that dopamine has been transformed into 5,6-dihydroxyindole
(yellow color) and subsequently into polydopamine (dark brown color).15

A thin

polydopamine film was formed inside the droplets which embeds the CdSe/ZnS-TOPO
nanoparticles within the polydopamine film, as seen in Figure 45.
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Figure 45. Schematic for the formation of polydopamine-coated CdSe/ZnS-stabilized
capsules.
The intrinsic fluorescent properties of CdSe/ZnS QDs permitted the
characterization of the polydopamine capsules via fluorescence confocal microscopy, as
shown in Figure 46. The capsules formed have similar sizes to the capsules obtained
during the formation CdSe-TOPO nanoparticle-stabilized droplets and ranges from 20
µm to 200 µm in diameter.

Figure 46. Left: Polydopamine coated capsules formed at the water-oil interface and
stabilized by CdSe/ZnS QDs. Right: Sulforhodamine B in the aqueous phase of
polydopamine coated capsules stabilized by CdSe/ZnS QDs.
To prove the existence of the polydopamine membrane at the water/oil interface,
the capsules were destabilized by the addition of a solvent miscible with both the water
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and oil phases, such as methanol.

The destabilized capsules yielded fluorescent

membranes that can be observed with fluorescence confocal microscopy, indicating the
presence of QDs embedded within the polydopamine thin film (see Figure 47 a and b).
Additionally, a planar polydopamine film was formed at the water/oil interface in
presence of QDs. A calcein droplet (2 µL) was deposited on the membrane and was able
to rest there for several minutes, before breaking the polydopamine film (Figure 47 c).
a

b

c

Figure 47. a) and b) polydopamine membrane obtained after destabilization of capsules
using methanol. c) Calcein drop resting on polydopamine film at oil-water interface.
5.3. Study of Polydopamine Membrane Permeability
The encapsulation and release process permits the protection of water-soluble
substances from degradation and provides controlled release of the encapsulated
compounds under specific conditions.

Controlled release applications require either

breakage of capsules shell or semi-permeable membranes displaying specific thickness,
pore size and sufficient strength to withstand solvent transfer or mechanical agitation.
The polydopamine permeability properties have been previously studied relative
to the nature and pH of the outside environment. Indeed, polydopamine capsules formed
by layer-by-layer deposition possess robusteness and stability properties at different pHs.
The unidirectional permeabilities of the capsules have been showcased with rhodamine
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6G dye. Rhodamine 6G was uptaken but could not be released in aqueous buffer, while
the reverse was observed in ethanol: rhodamine 6G could not be uptaken, but could be
rapidly released.9

Additionally, the permeability and zwitterionic properties of

polydopamine shell have also been probed with differently charged dyes: at low pH,
polydopamine capsules uptake the cationic dye (rhodamine 6G), while high pH allowed
the incorporation of anionic dyes (methyl orange and alizarin red).16
To evaluate the possible use of a polydopamine membrane as an encapsulating
shell, a study of its pore size and release properties as a function of time by encapsulating
fluorescent water-soluble dyes of different molecular weights into polydopamine-coated
CdSe/ZnS capsules was performed. Water-soluble dyes of different molecular weight
such as calcein (622 g/mol) and dextran molecules (4,000 g/mol, 10,000 g/mol, 20,000
g/mol, 40,000 g/mol and 500,000 g/mol) tagged with fluorescein isothiocyanate (FITC)
molecule had used to evaluate the pore size of the membrane. By transferring the
polydopamine-coated CdSe/ZnS stabilised capsules from oil to water phase by gentle
centrifugation, a colloidosome-like structure would be expected, where water is present
simultaneously inside and outside the capsules. It is assumed that the small molecular
weight molecules will be released through the membrane while high molecular weight
FITC-dextran molecules will be retained inside the capsules. By encapsulating each dye
separately, an approximation of the molecular weight cut-off of the polydopamine
membrane can be estimated. The release of the dye into the outside medium will be
characterized with absorbance and/or fluorescence spectroscopy.
Typically, polydopamine capsules were formed by addition of an aqueous phase
(minor), containing dopamine (2 mg/mL) in a buffer solution (Tris-HCl, pH=8.5), into a
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dispersion of CdSe/ZnS QDs in toluene (major phase). Vigorous shaking affords stable
droplets and self-polymerization of dopamine to form a polydopamine membrane takes
place overnight (~ 10 hours), yielding robust capsules.
The transfer of the capsules into the water phase by gentle centrifugation proved
problematic, due to the poor strength of the polydopamine membrane, which caused the
membrane to break. Due to the membrane being formed inside the capsules, a layer-bylayer approach is not possible to form thicker membrane shell.

Another approach

consisted in transferring the capsules into water phase by changing solvents via dialysis,
from toluene to acetone to water. This approach proved too harsh for the capsules, as
most of them broke or collapsed after being transferred to acetone. However, a few
capsules containing 500,000 g/mol FITC-dextran dye were found intact after transfer to
the final water phase. Observation with fluorescence confocal microscopy indicated that
the dye was still encapsulated into the capsules, as the dye fluorescence was still visible,
suggesting the polydopamine membrane was not permeable to such a high molecular
weight (Figure 48).
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Figure 48. a) Schematic of the capsules transfer from toluene to water via dialysis.
Fluorescence confocal microscopy images of the QDs stabilized capsules b) before
dialysis and c) after dialysis in water. The QDs fluoresces red and the FITC-dextran dye
fluoresces green.
Another approach to form robust capsules was the formation of a gel inside the
droplets after the formation of the polydopamine membrane.17

Ultra-low gelling

temperature agarose (≤ 17 °C at 1.5% weight concentration in water) had been added to
the aqueous minor phase, dopamine in Tris-HCl buffer solution, and used to form
droplets. After formation of the polydopamine film inside the capsules, the emulsions
were cooled down in an ice bath to allow gelation of agarose. Unfortunately, transfer to
water or alcohol proved unsuccessful, as the droplets were immediately broken upon
solvent addition.
Finally, a method allowing dye release by letting the droplets rest at the oil/water
interface proved successful. In this configuration, 1 mL of toluene was slowly added to a

98

cuvette containing 2 mL of water, in order to obtain two clearly separated phases. The
cuvette was placed in the cuvette holder of the Ocean Optics UV-Vis spectrometer. 100
µL of polydopamine capsules loaded with dye (calcein, 1 mg/mL) were then carefully
added to the upper toluene phase in the cuvette, and the dye release was monitored in situ
with the UV-Vis spectrometer. A stirbar was added to the cuvette and the cuvette holder
was placed on top of a stirplate, allowing the dye to be homogeneously released into the
water phase and avoid potential diffusion problems during the release (Figure 49).

toluene

water

Figure 49. Left: Ocean Optics spectrometer cuvette holder placed on top of a stirplate.
Right: schematic of the cuvette containing the toluene phase with polydopamine capsules
on top of the water phase.
By resting at the water/oil interface, the dye was allowed to permeate through the
polydopamine membrane and be released in the water phase. Experiments have been
carried out with dyes of different molecular weight (calcein (1 mg/mL), FITC-dextran
4,000 g/mol (3 mg/mL)). Control experiments have been performed with dyes (with
identical concentration) in absence of dopamine, leading to the formation of leaky
droplets instead of robust capsules.
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The release experiments were first performed with the small molecule dye
calcein, which absorbs at 495 nm. Absorption measurements were taken every minute
for 30 minutes. In absence of dopamine (control experiment), increase of absorbance, i.e.
dye release from the droplets, was clearly seen for the first 15 minutes, and become less
pronounced afterwards.

By comparison, the release of calcein from polydopamine

capsules was significantly less, confirming the presence of the polydopamine membrane
and the permeability to small molecules. Difference in the release rate is observed
between the crosslinked polydopamine capsules and the non-crosslinked droplets,
attesting to the presence of the membrane (Figure 50).
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No dopamine

Dopamine (2 mg/mL)

Figure 50. Absorbance measurements of calcein dye released from droplets (top) or
polydopamine capsules (middle) over time. Bottom: absorbance release vs time for
droplets and capsules.
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Similar experiments were performed using a higher molecular weight dye, FITCdextran 4,000 g/mol, which also absorbs light at 495 nm. As FITC-dextran 4,000 g/mol
is about 6.2 times larger (based on molecular weight) than calcein (622 g/mol), FITCdextran dye was anticipated to be trapped inside the capsules and display little to no
release to the water phase. FITC-dextran was encapsulated into nanoparticle-stabilized
droplets and polydopamine capsules at a concentration of 3 mg/mL.

The release

experiments were performed with a set up similar to the one mentioned previously.
Absorbance measurements were recorded every minute for 30 minutes in both cases. As
expected, the FITC-dextran dye was almost not released from the polydopamine capsules
and stayed trapped inside the capsules, suggesting that the polydopamine shell was not
permeable to a molecular weight of 4,000 g/mol (Figure 51).
Additional experiments have been performed in order to completely shut off the
permeability of the capsules by increasing the concentration of dopamine. As expected,
by using a dopamine concentration of 5 mg/mL, no release of FITC-dextran 4,000 g/mol
dye from polydopamine capsules was possible. However, when similar experiments
were performed with calcein dye in polydopamine capsules, normal release was
observed, suggesting that even a relatively thick shell of polydopamine would be
permeable to low molecular weight molecules (Figure 52). In a similar manner, the
concentration of dopamine was decreased to 1 mg/mL in order to optimize the dye
release from the shell. Unfortunately, faster release was neither observed for calcein, nor
for FITC-dextran.
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No dopamine

Dopamine (2 mg/mL)

Figure 51. Absorbance measurements of FITC-dextran dye released from droplets (top)
or polydopamine capsules (middle) over time. Bottom: absorbance release vs time for
droplets and capsules.
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Dopamine (5 mg/mL)

Dopamine (2 mg/mL)

Figure 52. Absorbance measurements of calcein dye (left) and FITC-dextran dye (right)
released from polydopamine capsules formed with 5 mg/mL dopamine over time.

To check the integrity of the droplets after release, capsules containing dye
(FITC-dextran 500,000 g/mol) were observed with confocal microscopy before and after
release experiments. Even though breakage of capsules cannot be completely ruled out,
spherical capsules containing dye were observable, suggesting that release was caused by
shell permeability (Figure 53).

Figure 53. Fluorescence confocal microscopy images of polydopamine capsules
containing FITC-dextran dye (500,000 g/mol) before release (left) and after release
(right).
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5.4. Conclusion
The self-polymerization property of dopamine proved to be a useful tool for the
formation of robust QD-stabilized capsules, avoiding the tedious functionalization of
QDs with crosslinkable ligands. The permeability properties of such polydopamine
shells have been investigated by encapsulation and release of several dyes possessing
different molecular weight. Small molecules, such as calcein could be easily released
from the polydopamine capsules, while higher molecular weight dyes (FITC-dextran
4,000 g/mol) were trapped inside the capsules. The permeability of these polydopamine
capsules is of high interest as such materials have potential to be used for the controlled
release of encapsulants.

5.5. Notes
This work is in preparation for publication and will incorporate the work of
Mengmeng Cui, a PSE student in Russell group, who studied the formation of
polydopamine films by investigating changes in interfacial tension at liquid/liquid
interfaces.

5.6. Experimental Section
5.6.1. Instrumentation and Methods
Fluorescence measurements were recorded on a Perkin-Elmer LS55B
spectrometer. Absorbance measurements were recorded on an Ocean Optics USB2000+
spectrometer equipped with a 1 cm cuvette holder. The droplets were observed by laser
scanning confocal microscopy on a Leica TCS SP2 LCSM under Ar-laser excitation (488
nm). Samples for confocal microscopy were prepared by dispersing a small amount of
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droplets in a single-well microscopy slide, pre-filled with either toluene or water, and
applying a cover slip prior to imaging. Polydopamine capsules were formed by addition
of 0.1 mL of aqueous phase containing dopamine (2 mg/mL) in a buffer solution (TrisHCl, pH=8.5), into a dispersion of CdSe/ZnS QDs in toluene (1 mg/mL). Vigorous
shaking affords stable droplets and self-polymerization reactions were performed
overnight (~ 10 hours) to yield robust capsules.

5.6.2. Synthesis
CdSe quantum dots (QDs) were synthesized according to literature methods.18 In a
typical synthesis, a solution of Se/TOP (160 mg Se, 2 mL TOP) was quickly injected into
a TOPO solution (7.5 g) of cadmium precursor (Cd(OAc)2, 100 mg) at 300 ˚C, and grown
for 3 minutes. QD growth was terminated by cooling to room temperature and the
particles were isolated by precipitation in methanol. Excess ligands was removed by
chloroform/methanol washings.
CdSe/ZnS core-shell QDs were synthesized according to literature methods.19 In
a typical synthesis, Cd(OAc)2 (53.3 mg, 0.2 mmol, 1 eq.) and TOPO (3.5 g) were heated
to 100˚C under nitrogen in a three-neck round bottom (RB) flask, put under vacuum for
15 minutes and heated to 300˚C under nitrogen. A solution of Se (78.96 mg, 1 mmol, 5
eq) and TOP (2 mL) was prepared in the glovebox and quickly injected into the hot
Cd(OAc)2 and TOPO solution. The particles were grown for 3 minutes. The solution
was cooled down to 95˚C for 30 minutes and heated up again to 160˚C. A solution of
Zn(Et)2 (230.6 mg, 0.28 mmol, 1.4 eq.), hexamethyldisilathiane (50 mg, 0.28 mmol, 1.4
eq) and TOP (3 mL) was prepared into the glovebox and slowly added into the reaction
flask with a syringe pump at a rate of 1 mL/hr. After full injection, the reaction flask was
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stirred and heated for 3 more hours at 95˚C. The mixture was then cooled down to 60˚C,
anhydrous methanol was added to precipitate the nanoparticles and the mixture was
centrifuged. Additional washings were performed with a chloroform/methanol mixture.
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